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Sex-ratio is an important demographic parameter, however, the literature surrounding 
bird and mammal sex-ratio is incredibly inconsistent. Some bird and mammal species 
provide strong evidence for sex-ratio adjustment because observed sex-ratio results 
match the predictions of sex manipulation hypotheses. However, some bird and 
mammal species exhibit sex-ratio results that conflict with the predictions of sex 
manipulation hypotheses. The need to rectify bird and mammal sex-ratio inconsistencies 
is paramount when considering many conserved populations face demographic collapse 
in the presence of climate change. Therefore, this study has reviewed all known bird and 
mammal sex manipulation hypotheses, and chosen to examine a species that 
theoretically displays few sex manipulation hypotheses for a simple study design. 
Displaying two sex manipulation hypotheses, Little Penguins (Eudyptula minor) were 
predicted to exhibit an even sex-ratio; whether they possessed the means to adjust sex-
ratio or not.  
 
To test the above prediction, Little Penguin blood samples were retrieved from chicks 
nesting on Penguin Island and Garden Island and sexed via the CHDI genetic sexing 
technique, using the established PL/PR primer pair. Little Penguin chick weight and 
foot length data were also recorded and examined via the logistic growth curve to 
determine whether the study’s assumption of ‘equal net costs associated with raising 
either offspring sex’ was true. The sex-ratio for Little Penguin populations on Penguin 
Island and Garden Island was marginally female-biased, (P = 0.092 and 0.096 
respectively). Possible reasons why the predicted sex-ratio of 1:1 was not observed are; 
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(1) the prediction was based on inaccurate species knowledge as the assumption of 
‘equal net costs associated with raising either offspring sex’ was determined false, (2) a 
small sample size for both Penguin Island and Garden Island (41 and 19 respectively), 
or (3) aspects beyond those covered in sex manipulation hypotheses influenced what the 
most adaptive brood sex-ratio is for the species, such as sex manipulation constraints, a 
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Chapter One - Introduction 
1.1 Bird and Mammal Sex-Ratio 
In most bird and mammal populations the observed sex-ratio (SR) is even (Fisherian) 
rather than uneven (non-Fisherian) (Skalski et al., 2005). This is believed to be related 
to the fact that for sexual species, an offspring’s genome consists of half the DNA from 
that of its mother’s genome and half the DNA from that of its father’s genome (Hardy, 
2002). Although both Fisherian and non-Fisherian populations can be a product of SR 
forces, non-Fisherian populations brought to light the existence of forces capable of 
influencing and maintaining SRs (Hardy, 2002; Donald, 2007). Non-Fisherian 
populations can be either male or female biased and the skew can be of any degree of 
severity, however, an extreme SR bias is often an indication of stress within the 
population (Donald, 2007). Unfortunately, even though SR is an important demographic 
parameter, the literature on bird and mammal SR is inconsistent, and hence poorly 
understood (Skalski et al., 2005; Hardy, 2002). Inconsistences largely extend from 
inaccurate mathematical modelling, human induced errors (e.g. small sample sizes and 
sample bias), or unknown species life history traits influencing SR (e.g. inaccuracies in 
reported net costs and benefits of having male or female offspring) (Hardy, 2002).   
 
Overcoming the inaccuracies and unknowns is important as attaining a fundamental 
knowledge of SR can help predict the future breeding potential of conserved 
populations, allowing wildlife managers to regulate and maintain population SRs and 
evade demographic collapse (Skalski et al. 2005). Furthermore, a fundamental 
knowledge of SR is becoming ever more paramount in the era of climate change 
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(McNeil et al., 2016). This is because the increasing average Earth surface temperature 
is slowly altering animal phenology, physiology, distributions, interactions, and 
community structure, to create uncertain outcomes on population SR (McNeil et al., 
2016). Finally, there is a common interest in explaining how the diverse array of 
adaptive SRs seen in birds and mammals evolved (Hardy, 2002).  
 
Overall, three aspects determine bird and mammal SR; (1) sex-biased mortality, (2) sex-
specific behaviour (such as sex-specific routes or permanent immigration and 
emigration), and (3) sex manipulation (Ancona et al., 2017; Morrison et al., 2016; 
Gownaris et al., 2019). Sex-biased mortality and sex-specific behaviour are products of 
a species’ given morphology, physiology, and behaviour for males and females, 
producing what is known as a demographic SR (Morrison et al., 2016; Benito et al., 
2007). Every species has a demographic SR (Morrison et al., 2016); for example, males 
and females of a species that share the same morphology, physiology, and behaviour, 
would exhibit the same mortality and behaviour specifics, and hence, a Fisherian 
population is expressed. However, sex-biased mortality and sex-specific behaviour 
don’t necessarily produce the most beneficial SR (Benito et al., 2007).    
 
When a force capable of influencing sex is present within individuals of a population, 
parents can alter their brood SR to maximise reproductive success; a process known as 
sex manipulation (Shaw & Mohler, 1953). Assuming the majority of individuals within 
a population respond to the SR force uniformly, changing of brood SR shifts the 
population SR from demographic to adaptive (Shaw & Mohler, 1953). Forces that 
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influence brood SR are those that unbalance net costs and benefits of having male or 
female offspring, such as sex-biased mortality, sex-specific behaviour, differing 
minimum daily food intake between genders, presence of a philopatric sex, polygamy, 
etc (Shaw & Mohler, 1953; Gownaris et al., 2019; Hardy, 2002). Sex-biased mortality 
and sex-specific behaviour are aspects determining SR as they enact SR change 
themselves (e.g. if females are more likely to die the SR becomes male biased), whereas 
all other forces influencing SR come under the sex manipulation aspect because they 
provide an opportunity to increase reproductive success but can’t enact SR change 
themselves (e.g. if male offspring require a higher minimum daily food intake, mothers 
may develop a mechanism to bias the production of the cheaper female sex) (Skalski et 
al., 2005; Hardy, 2002; Gownaris et al., 2019).  
 
To determine whether an observed population’s SR is demographic (i.e. a product of 
sex-biased mortality and sex-specific behaviour) or adaptively altered via alteration of 
brood SR (sex manipulation), in-depth knowledge of a study’s target species is required 
because this information indicates what the population’s demographic and adaptive SR 




1.2 Target Species: Little Penguin 
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The target species of this study is the Little Penguin (Eudyptula minor), also commonly 
known as the Blue Penguin, which is endemic to Australia and New Zealand (Figure 1) 
(Borboroglu & Boersma, 2013). Debate exists over how many subspecies (six or three) 
are present, however there is a strong recognition of the Australian-Otago subspecies 
E.m. novaehollandiae (Banks et al., 2008; Peucker et al., 2009; Borboroglu & Boersma, 
2013; Overeem et al., 2006); which is this target subspecies of this study. As seen in 
Figure 1, E.m. novaehollandiae inhabit the southern coastline of Australia (including 
Tasmania) extending from the Shoalwater Islands (Penguin, Garden, and Carnac 
Islands) near Perth, Western Australia, to South Solitary Island, New South Wales, and 
the Otago Peninsula in New Zealand (Borboroglu & Boersma, 2013). Typically, Little 
Penguins are restricted to offshore islands, however, they can also inhabit mainland 
beaches if they are inaccessible to mammal predators (Priddel et al., 2008). Due to 
effects of human inhabitancy, such as introduced species, some island populations have 
become extinct (Overeem et al., 2008), however the International Union for 





Figure 1: Little Penguin (Eudyptula minor) distribution, and location of study sites. (A) The 
coastal distribution (marked in blue and red) of E. minor across Australia and New Zealand, with 
the distribution of the subspecies E. m. novaehollandiae in blue only. (B) Map of the Little 
Penguin study sites on Penguin Island and Garden Island (marked in green). Source adapted 
from: Murray et al. (2011). 
 
As the smallest extant penguin species, Little Penguins average 33 cm in height and 
between 1,100 g - 1,200 g in weight (Overeem et al., 2008). The males are usually 
slightly larger and heavier, however there are no other predominant sexually dimorphic 
feature known within Little Penguins (Borboroglu & Boersma, 2013). Sexing of Little 
Penguins typically comes from measurements on beak depth, with the males having 
slightly larger beak depths (usually >13 cm for males and vice versa), however accuracy 
is colony specific and reported to be between 89.3 % and 100 % (Wiebkin, 2012; 
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Overeem et al., 2006). Since beak depth varies between populations, this method of 
sexing is only applicable to the colony it was based on (Overeem et al., 2006). 
Unfortunately, chicks can’t be sexed via this anatomical feature as Little Penguin beak 
depth dimorphism is not present at an early age (Wiebkin, 2012).  
 
There is evidence to suggest Little Penguin females prefer larger males as a study by 
Miyazaki & Waas (2003a) found females responded more often to the low-frequency 
calls of larger males. This preference possibly relates to the fact that larger males less 
frequently desert chicks when required to fast, such as when the mother searches for 
food and the father guards the chick (two to four days) (Miyazaki & Waas, 2003b). 
However, Little Penguin males can’t grow too large otherwise they become unable to 
enter the nest site (Miyazaki & Waas, 2003b), whether it be a nest box, sand burrow, 
rock crevasse, or vegetation (DPW, 2015).    
 
West coast Australian Little Penguins live roughly seven years and reach sexual 
maturity at two to three years (DCLM, 2001). Their breeding season is considered to be 
between April and December (Figure 2); however, the exact breeding dates vary each 
year and between populations (DCLM, 2001). Depending on how early a couple lay 
their first clutch, Little Penguins can lay up to two clutches per breeding season (and 
rarely a third clutch) with each clutch consisting of up to two eggs (DCLM, 2001). 
Hatching occurs after five weeks (DCLM, 2001; Peucker et al., 2009). Little Penguin 
chicks hatch asynchronously (one to four days apart), therefore sibling competition 
results in a higher mortality rate for the second-hatched chick (Wienecke et al., 2000). 
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Both parents share incubation and chick-rearing duties until the chicks become 
independent at roughly eight to eleven weeks of age (Chiaradia, 1999). Roughly a third 
of Little Penguins survive their first year (DCLM, 2001), with no significant sex-biased 
mortality and sex-specific behaviour differences between sexes at their juvenile and 
adult ages (Reilly & Cullen, 1979; Chiaradia, 1999). When Little Penguin chicks 
become independent, they leave the natal colony returning only for their annual moult 
(Borboroglu & Boersma, 2013). However, once they reach breeding age they become 
permanent residents of a colony, undertaking their annual moult after the breeding 
season (December - January) (DCLM, 2001; Figure 2). It is not clear why juvenile Little 
Penguins leave the colony to later return; however, it is presumably related to feeding as 
juveniles and adults have separate feeding grounds (Dann et al., 1992). Three possible 
reasons exist to explain why juveniles and adults have separate feeding grounds; (1) 
inexperienced juvenile hunting jeopardises adult hunting success rate, (2) juveniles 
can’t catch adult food, (3) the best feeding grounds, which may not be the best chick-
rearing grounds, are located away from the natal colony (Dann et al., 1992). While 
chicks have a high dispersal potential (1,000 km), natal philopatry is strong in Little 
Penguins with some chicks nesting within 5m from their parents’ nest site (Dann et al., 
1992; Peucker et al., 2009). However, a low but consistent number of chicks do disperse 
to other colonies to breed; providing enough geneflow to maintain the Australian 




Figure 2: Annual life cycle of Penguin Island and Garden Island Little Penguins (Eudyptula 
minor) populations. Source adapted from: DCLM (2001). 
 
Little Penguins are regarded as monogamous (Chiaradia, 1999), however there is 
evidence to suggest that extra-pair fertilisation occurs (Chiaradia, 1999). Little Penguins 
have the highest average divorce rate among all penguin species (26 %); however, this 
varies annually and between populations (Chiaradia, 1999). Divorces either occur by 
accident (accidental mating with a new partner) or when the partnership’s previous 
breeding season failed to raise chicks (Chiaradia, 1999). Breeding success appears to be 
associated with breeding experience of the parents, their body mass at the start of the 
breeding season, and food availability (DCLM, 2001). Additionally, partnerships can 
break apart if a partner dies or disappears (Chiaradia, 1999).     
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Excluding the period between moulting and pre-breeding activities (February) (Figure 
2) when they leave the colony for an unknown reason (DCLM, 2001), Little Penguins 
remain at the colony throughout the year (Wiebkin, 2012). For this reason, Little 
Penguins are regarded as central-place foragers (Wiebkin, 2012). Central-place foragers 
are restricted to foraging near the colony and as a result there is strong competition 
among Little Penguins for food (Wiebkin, 2012), such as Sandy Sprat (Hyperlophus 
vittatus), Fremantle Pilchard (Sardinella lemuru), Australian Sardine (Sardinops sagax), 
Australian Anchovy (Engraulis australis), and Garfish (Hyporhamphus melanochir) 
(DCLM, 2001; Borboroglu & Boersma, 2013). As nearby food is depleted (whether it 
be for environmental or social reasons) Little Penguins are forced to increase their 
search distance from the colony until a balance is reached between food depletion and 
replenishment (Wiebkin, 2012). This concept is known as Ashmole’s Halo and if it 
extends beyond the Little Penguins’ maximum 20 km feed radius the population begins 
to starve (Wiebkin, 2012). Colony starvation is a major threat to Little Penguins 
(Chiaradia, 1999; DPW. 2015), however, because they are multi-prey loaders, generalist 
predators, and coincide breeding with peak food abundance, the chance of colony 
starvation is low (Wiebkin, 2012).   
 
Overall gaps in the knowledge of Little Penguin life history traits do exist, however, few 
species are known in perfect detail (Wild & West, 2007). Therefore, it is important 
these life history knowledge gaps are acknowledged because they can result in 
inaccurate demographic and adaptive population SR predictions, and hence, contribute 
further to the inaccuracies surrounding bird and mammal SR (Hardy, 2002). 
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This study specifically examines the SR of Little Penguin populations on both Penguin 
Island and Garden Island, located near Perth, Western Australia. Penguin Island and 
Garden Island are considered to be at the upper thermal limit for Little Penguin 
populations, therefore these islands host the most northerly colonies on the west coast of 
Australia (DPW, 2015). However, nonbreeding distribution records extend as far north 
as Dirk Hartog Island in the west (Borboroglu & Boersma, 2013). It is estimated 1,000 - 
2,400 Little Penguins live on Penguin Island while 25 - 600 habit Garden Island 
(Vardeh, 2015; Geo Oceans, 2015), and it appears these populations are declining in 
number (DCLM, 2001). However, populations on Penguin Island and Garden Island 
average the highest individual weight among all other colonies located around Australia 
and New Zealand, potentially suggesting these Little Penguins experience favourable 
climate conditions and plenty resources (Borboroglu & Boersma, 2013).  
 
1.3 Study Aims 
There are five key aims to this study. The first aim is to establish what Little Penguin 
population SR is expected to be observed on Penguin Island and Garden Island based on 
sex manipulation hypotheses (established in the Literature Review chapter). The choice 
of utilising Little Penguins as a SR target species relates to the study’s novel approach 
for future SR studies; which is, future SR studies should choose target species that 
theoretically exhibit few sex manipulation hypotheses as doing so reduces the need and 
reliance on inaccurate mathematical models, and it simplifies the study design. The 
absence of mathematical models and use of simple study designs should also produce 
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clearer conclusions. Penguin Island and Garden Island populations were chosen based 
on convenience. 
 
As mentioned, sexing via beak depth is not always 100 % accurate and the beak depth 
sexing method cannot be used on chicks (Wiebkin, 2012; Overeem et al., 2006), 
therefore the second aim is to apply an existing bird sexing technique to Little Penguins. 
Knowing female birds are the heterogametic sex, where females have one W and one Z 
sex chromosome while males have two Z sex chromosomes, it is possible to determine 
sex via PCR amplification of a region within the CHD1 gene from both the Z (CHD1Z) 
and W (CHD1W) chromosomes; assuming there is variation in length between the 
CHD1Z and CHD1W genes (Zhang et al., 2013; Nesje & Roed, 2000). Using primer 
pair PL/PR, Zhang et al. (2013) was able to successfully replicate a region within the 
CHD1Z and CHD1W genes of Rockhopper Penguins (Eudyptes chrysocome) and then 
determined sex by observing how many bands were present on the gel (males being 
homozygote had one gel band, and females being heterozygote had two gel bands). 
Since the closely related Rockhopper Penguins were successfully sexed using primer 
pair PL/PR (Zhang et al., 2013), this study attempts to determine gender in Little 
Penguins via the CHDI sexing technique using primer pair PL/PR.   
 
Assuming primer pair PL/PR successfully identifies sex in Little Penguins, the third aim 
is to determine the population SR for Little Penguins on Penguin Island and Garden 
Island using only chicks, as sampling mating pairs would evidently result in an equal 
adult SR. As mentioned for Little Penguins, there is no significant difference between 
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sex-biased mortality and sex-specific behaviour at both their juvenile and adult ages 
(Reilly & Cullen, 1979; Chiaradia, 1999), hence a chick SR is also theoretically an 
accurate representation of the adult SR.  
 
The fourth aim is to determine if Little Penguin body weight and foot length growth 
rates differ between male and female chicks. Currently, no study has compared growth 
rates between male and female chicks, presumably because no Little Penguin chick 
sexing technique currently exists. Knowledge of male and female Little Penguin chick 
growth rates is important because it attributes to the net cost and benefits of having 
either male or female offspring, and absence of such life history traits can lead to 
inaccurate SR predictions and/or conclusions (Hardy, 2002).  
 
The fifth and final aim is to examine whether the expected Little Penguin population SR 
for Penguin Island and Garden Island matches what is observed. If the expected and 
observed Little Penguin population SRs don’t match it is important to acknowledge why 
they don’t as doing so provides guidance for future SR research (Hardy, 2002). If the 
expected Little Penguin population SR does not match the observed, it should be easier 
to identify why not due to the study’s choice of target species (i.e. because there are few 
sex manipulation hypotheses influencing the adaptive SR of Little Penguins and the 
study design was simple).   
 
Chapter Two - Sex Manipulation Literature Review 
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2.1 Scope of Literature Review 
This Literature Review aims to predict what SR will be exhibited by Little Penguins. To 
do so requires examination of all the sex manipulation hypotheses thought to predict 
bird and mammal SR. However, the topic of SR is extremely large and diverse, drawing 
on multiple interlocking SR aspects (such as sex manipulation hypotheses, sex 
manipulation mechanisms, demographic SR, modelling SR, SR levels, population 
structure, etc.) (Hardy, 2002; Skalski et al., 2005). Therefore, examination of sex 
manipulation hypotheses requires a brief exploration of related SR aspects throughout 
the Literature Review. As a lesser section, the Literature Review also explores sex 
manipulation mechanisms because this SR aspect has strong ties to sex manipulation 
hypotheses (Hardy, 2002; Skalski et al., 2005). The Literature Review ends by 
presenting the predicted SR for Little Penguins and highlighting how this study fits 
within the current research into bird and mammal sex manipulation. 
 
2.2 Sex Manipulation Hypotheses 
2.2.1 First Investigation into Sex-Ratio 
In 1871, Darwin attempted to explain why most male/female populations were Fisherian 
in his book Descent of Man (Hardy, 2002). He attempted to do so via natural selection 
since this process favours retention of advantageous traits in a population, and the 
tendency to produce either sex in equal numbers was presumed advantageous for 
gonochoric species because each sex provides exactly half the genes for all future 
generations (Hardy, 2002). However, Darwin concluded he couldn’t see how Fisherian 
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could be the result of natural selection and believed it was best to leave the complex 
solution for the future (Carvalho et al., 1998).  
 
2.2.2 Fisher’s Hypotheses    
In 1930, Fisher would be the first to put forward a sex manipulation hypothesis 
explaining the evolution of SR (Godfray & Werren, 1996). Known as Fisher’s 
Hypothesis (FH) it assumes (1) random mating, (2) a large population, (3) equal 
parental investment between sons and daughters (but may deviate from equal to 
‘correct’ a non-Fisherian population back to Fisherian), (4) equal net costs of males and 
females (costs associated with raising either offspring sex, sex-biased mortality, and 
sex-specific behaviour), and (5) parental investment is at least partially gene controlled 
(Voordouw, 2005). For example, if a population has become female biased due to a 
disturbance, there is now a reproductive fitness advantage for the production of males as 
some females will not obtain a mate (Voordouw, 2005). Parents genetically disposed to 
invest more in sons now have, on average, more grandchildren than those of other 
parents, therefore, genes that favour male investment increase and result in the 
population investing more towards sons (Voordouw, 2005). The investment bias 
towards sons means more males reach breeding age than females (Voordouw, 2005). As 
the population SR returns to Fisherian, increased investment towards males is selected 
against and natural selection begins to favour parents genetically disposed to invest 
equally between either sex (Voordouw, 2005). The same reasoning holds if a 
disturbance causes a population to become male biased (Voordouw, 2005). Because 
natural selection is acting on all members of a population, through parental investment 
determining genes, the resulting Fisherian would be regarded as an Evolutionary Stable 
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Strategy (ESS) (Brown & Choe, 2019). An ESS is defined as a strategy that can persist, 
and once adopted by a majority of the members of a population cannot be overturned by 
any alternative strategy that is initially rare (Brown & Choe, 2019).   
 
If a species exhibits unequal net costs of males and females (presumed rare among 
vertebrates (Voordouw, 2005)), equal investment into each sex is still the optimal 
strategy, but a non-Fisherian ESS population will exist (Kahn et al., 2015). For 
example, if it is assumed sons are three times more costly to raise than daughters, the 
resulting population SR will be 1:3 (non-Fisherian), female biased (Kahn et al., 2015). 
However, the average reproductive output of males will be three times greater than that 
of females (because on average there are three females per male) (Kahn et al., 2015). In 
this example, higher costs associated with raising a son are balanced out by a higher 
average reproductive output for males (Kahn et al., 2015). FH successfully indicates 
how natural selection, acting on investment genes, could produce a Fisherian ESS and a 
non-Fisherian ESS, and additionally, why Fisherian was more common in vertebrates 
(because of the presumed rarity of unequal net costs of males and females among 
vertebrate populations (Voordouw, 2005)).   
 
For a long time, FH appeared to dampen interest in SR, as the logic behind parental 
investment maintaining populations as Fisherian seemed justified (Donald, 2007), and 
measuring the net costs of males and females, to this day, remains profoundly difficult 
(Hardy, 2002). However, in 1967, Hamilton reviewed Fisher’s book and presented a 
second hypothesis; the Homeostasis Hypothesis (HH) (Hardy, 2002). The HH described 
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how frequency-dependent selection could alter SR, and like FH, this hypothesis 
assumes (1) random mating, (2) a large population, and (3) equal net costs of males and 
females (costs associated with raising either offspring sex, sex-biased mortality, and 
sex-specific behaviour); but alternatively (4) sex is at least partially gene controlled 
(Hamilton, 1967). If it is assumed male births are less common than female, newborn 
sons have greater mating prospects than daughters as they are the rarer sex (Hamilton, 
1967). Therefore, parents genetically disposed to producing sons have more 
grandchildren than average (Hamilton, 1967). As a result, the male producing genes are 
spread among the population, and male births become more common (Hamilton, 1967). 
However, as the population reaches Fisherian the advantage associated with male 
producing genes is lost (Hamilton, 1967). The same reasoning holds if instead female 
births were less common (Hamilton, 1967). If a species exhibits unequal net costs of 
males and females, the HH responds much the same as FH, such that non-Fisherian is 
expressed as higher costs associated with raising a son are balanced out by a higher 
average reproductive output for males (Hamilton, 1967).  
 
The FH and HH indicate how natural selection (acting on parental investment genes and 
sex-determining genes, respectively) could affect a parent’s number of grandchildren, 
and hence reproductive fitness (Brown & Choe, 2019; Hamilton, 1967). Assuming 
equal net costs of males and females for a species, FH and the HH predict non-Fisherian 
populations of the species are those that have experienced a SR disturbance in the past 
(such as excessive poaching of male Lions (Panthera leo) within a population) (Hardy, 
2002), and therefore, the SR is temporary and disadvantageous. For species that exhibit 
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unequal net costs of males and females, FH and the HH predict an ESS non-Fisherian 
population to be exhibited by the species.   
 
Together, FH and the HH are collectively known as Fisher’s Hypotheses as they both 
depict SR manipulation on the basis of sex rarity (Hardy, 2002). Because Fisher’s 
Hypotheses and Mendelian Laws both predict an even birth SR for a population, it is 
difficult to distinguish which is truly or partially active in a population (Postma et al., 
2011). Since Mendelian Laws produce limited population SR variation from Fisherian, 
but Fisher’s Hypotheses produce a large variation (Li & Akimoto, 2017), it is possible 
to test which depicts a population's birth SR (Postma et al., 2011). Some suggest 
evidence for adaptive control could even come from sub-binomial variance around 
Fisherian (Hardy, 2002). For example, when assuming strong natural selection for 
Fisherian, mothers with dizygotic twins would have a son and a daughter rather than 
two sons or two daughters, whereas Mendelian Laws, operating on chance, would 
exhibit equal frequency of dizygotic twin sex combinations (Hardy, 2002). In general, it 
is difficult to identify whether Fisher’s Hypotheses are present in a population (Postma 
et al., 2011). It is even more difficult to discriminate between Fisher’s Hypotheses as 
the only difference between them is that FH predicts parental investment, rather than 
sex, to be partially gene controlled (Taylor & Bulmer, 1980). 
 
2.2.3 Sex Dispersal Hypotheses 
Hamilton’s review of Fisher’s book ended up detailing the HH, but additionally he also 
detailed what SR would occur when non-random mating and/or localised competition 
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for mates occurred among close relatives in the Local Mate Competition Hypothesis 
(LMCH) (Hamilton, 1967). The LMCH, would be the first sex manipulation hypothesis 
identified to influence animal SR on the individual level (Voordouw, 2005; Sapir et al., 
2013). Fisher’s Hypotheses are regarded as population-level sex manipulation 
hypotheses because the most adaptive brood SR is dependent on the population SR, 
whereas for species displaying the LMCH (and all consequential sex manipulation 
hypotheses mentioned from here on in) the most adaptive brood SR is dependent on the 
mother’s context (Sapir et al., 2013; Khwaja et al., 2018). When mating occurs in small 
groups consisting of offspring from one or a few founding females, the LMCH predicts 
mothers to favour the production of daughters because unnecessary male mate 
competition arises otherwise (Hardy, 2002). However, if there are too many daughters 
competing for limited resources then the mother favours the production of sons (Hardy, 
2002). As an example of localised mate competition, Fig Wasp (Agaonidae) mothers lay 
their eggs in figs, but neither daughters or sons leave before mating (Pereira & Prado, 
2006). Therefore, brothers compete with each other to mate with their sisters; after 
fertilisation the males die (Pereira & Prado, 2006). Because only a few males are needed 
to fertilise the females, it would be reproductively beneficial for the mother to produce 
more females than males, resulting in a female biased SR (Pereira & Prado, 2006). 
Doing so would increase her reproductive fitness, as resources are no longer spent on 
the unnecessary production of males (Pereira & Prado, 2006). Female resource 
competition does not occur in this example as the fig provides plenty of food 
(Pereira & Prado, 2006). The LMCH does not apply to populations were both sexes 
disperse from the natal group before mating, such as with most vertebrates (Wild & 




The LMCH was the first of three Sex Dispersal Hypotheses; hypotheses that reflect 
costs and benefits derived from offspring sex dispersal from the natal group (Hardy, 
2002). The two later Sex Dispersal Hypotheses, the Local Resource Competition 
Hypothesis (LRCH) and the Local Resource Enhancement Hypothesis (LREH), 
highlight how the philopatric sex can induce either a cost or benefit to the parent, 
respectively (Clark, 1978; Emlen et al., 1986). The LRCH predicts mothers to bias 
towards the production of the non-philopatric sex because the philopatric sex will 
compete with its parents for resources (Clark, 1978). This competition inflicts a 
resource cost on the parents, which reduces their future survival and reproductive 
fitness, hence genes favouring production of the philopatric sex are less frequent than 
those favouring production of the non-philopatric sex (Clark, 1978). The LREH is 
effectively the reverse of LRCH because it highlights how the philopatric sex can be 
beneficial (Emlen et al., 1986). For example, in Western Bluebirds (Sialia Mexicana) 
the male returns to the natal nest to help raise any future offspring of its parents, 
repaying some of the cost its parents had originally expended raising him (Koenig & 
Dickinson, 1996). Therefore, the net cost associated with raising male Western 
Bluebirds is less than that of raising a female (Koenig & Dickinson, 1996).  
 
2.2.4 Trivers and Willard Hypotheses 
In 1973, Trivers and Willard developed the Trivers-Willard Hypothesis (TWH) (Trivers 
& Willard, 1973). The TWH was the first of three Trivers and Willard Hypotheses 
(Hardy, 2002). The TWH predicts that in polygynous species ‘poor condition’ mating 
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pairs are likely to have daughters whereas ‘good condition’ mating pairs are likely to 
have sons (Trivers & Willard, 1973). This is because, unlike females, males experience 
high variance in mating success when a part of a polygamous society. Therefore if ‘poor 
condition’ parents are more likely to raise ‘poor condition’ sons, it is unlikely their sons 
will obtain a mate and hence limit their parent’s reproductive fitness (Trivers & Willard, 
1973). ‘Poor condition’ parents, however, can still have a daughter as they will mate 
regardless when a part of a polygamous society (Trivers & Willard, 1973). ‘Good 
condition’ parents are likely to experience the benefits of high variance in male mating 
success as their sons would likely be of ‘good condition’ too. Hence their male 
offspring would father multiple offspring, returning them a higher reproductive fitness 
value than having a daughter would (Trivers & Willard, 1973). An example of TWH 
can be seen in Feral Horses (Equus caballus) where the mating pairs in ‘good condition’ 
raised more sons, while mating pairs in ‘poor condition’ raised more daughters 
(Cameron et al., 1999). However, a recent paper by Cameron and Linklater (2007) on 
Feral Horses found it wasn’t the current condition of the parents that influenced the sex 
of offspring, but rather current condition relative to their previous condition; hence they 
concluded change in condition is a more suitable predictor of offspring sex. Further 
evidence that the TWH should refer to change in condition rather than current condition 
can be found in a review on Rum Island Red Deer (Cervus elaphus) by Kruuk et al. 
(1999). Kruuk et al. (1999) found the combination of increased population density and 
higher than average winter rainfall on Rum Island reduced the number of male births, 
even though there were still plenty ‘good condition’ parents. Because these 
environmental conditions make it harder for Red Deer to reproduce, all members of the 
population had experienced a reductive change in condition, hence the population 
favouring daughters (Kruuk et al., 1999). This situation provides another scenario in 
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which a highly skewed non-Fisherian population could arise temporarily. However, 
while the majority of the population adopted the same strategy it is not regarded as an 
ESS because it is be unable to persist within the species without risking extinction or 
population collapse (Ancona et al., 2017).  
 
Overall, the TWH is considered a triumph of evolutionary biology, as its assumptions 
('parental condition' correlates to 'offspring condition', 'offspring condition' is equivalent 
to 'adult condition', and condition affects mating success) are readily expressed in birds 
and mammals (Lynch et al., 2018; Douhard, 2017). However, the TWH has seen a 
variety of conforming and conflicting results among species, fuelling ongoing debate of 
its general applicability (Lynch et al., 2018). One area of strong debate is when to 
expect a sex bias switch in individual organisms (Lynch et al., 2018). The second area 
of debate is the validity of a variety of measurements on parental investment, 'parental 
condition', and 'offspring condition' (Lynch et al., 2018).  
Quality results on parental investment are considered fundamental in further developing 
the Trivers and Willard Hypotheses because some suggest parental investment should 
favour the reproductively beneficial sex of an individual to maximise their reproductive 
fitness (Mansuy et al., 2013), of course this is best investigated if we know when to 
expect a sex bias switch in individual organisms. Also, if parental investment favours 
the reproductively beneficial sex of an individual, it goes against FH assumption that 
parental investment favours the reproductively beneficial sex of a population (i.e. 
maintaining an ESS population) (Voordouw, 2005). However, while there is some 
evidence parental investment favours the beneficial sex of an individual (Spelt & 
Pichegru, 2017), it seems parental investment does not favour the reproductively 
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beneficial sex of an individual predicted under any of the Trivers and Willard 
Hypotheses (Koskela et al., 2009). In light of the variable evidence for increased 
investment towards the beneficial sex of an individual, some suggest species could 
invest more in the non-beneficial sex to compensate for its initial disadvantage (Mansuy 
et al., 2013).  
The validity of ‘parental condition’ and ‘offspring condition’ measurements are crucial 
because if incorrectly quantified it will wrongly indicate the absence of the TWH or 
false correlations between parental investment and the beneficial sex of an individual 
(Lynch et al., 2018). Importantly, condition can be assessed via a variety of 
morphological and social traits, therefore it is crucial studies identify and prove the 
morphological or social trait being used to assess condition is the same as that used by 
the species to assess condition (Lynch et al., 2018). This ‘prove’ approach, however, is 
risky as studies can easily over-look the true representation of a species condition for 
another seemingly correct one (Lynch et al., 2018). In many species condition is 
assessed via mass (Martin & Festa-Bianchet, 2011), however less obvious traits can also 
be used to indicate condition such as nest size in Chinstrap Penguins (Pygoscelis 
antarcticus) (Fargallo et al., 2004). Fargallo et al. (2004) suggested nest size indirectly 
indicated the ‘parental condition’ as only healthy parents could make larger nests.   
 
Further issues were raised with the TWH when studies on primates found the socially 
dominant female would favour the production of daughters over sons (Hiraiwa-
Hasegawa, 1993). Rank can be categorised as a population’s defining condition 
(Altmann, 1980); however, it works in reverse of the TWH (such that high-ranking 
females favour production of daughters and low-ranking mothers favour production of 
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sons) when males disperse but females remain in the natal colony (Paul & Kuester, 
1990). Known as the Advantageous Daughter Hypothesis (ADH), this hypothesis 
predicts high ranking females favour the production of daughters because they inherit 
their mothers' high rank, which allows preferential access to limited resources 
(Hohenbrink & Meinecke-Tillmann, 2012). This preferential access to limited resources 
means the female will be in better condition, and hence, able to compete with other 
females for the right to mate as the group often consists of one or a few males 
(Hohenbrink & Meinecke-Tillmann, 2012). Low-ranking females are likely to favour 
the production of males as their rank has little influence on the fitness prospect of sons 
(Paul & Kuester, 1990). Like condition, hierarchy is correlated between parent and 
offspring, remains constant throughout an individual’s life, and affects mating success 
(Hohenbrink & Meinecke-Tillmann, 2012). Therefore the ADH has been observed in 
many organisms, particularly the ruminants (Hohenbrink & Meinecke-Tillmann, 2012). 
However, the ADH hasn’t always been found in ruminant populations where male 
dispersal and social ranking occur (Hohenbrink & Meinecke-Tillmann, 2012).    
  
Following the Trivers and Willard Hypotheses prediction (that parents in ‘good 
condition’ favour production of offspring sex that returns the highest reproductive 
value), the Male Attractiveness Hypothesis (MAH) (the third and final sex manipulation 
hypothesis to come under the Trivers and Willard Hypotheses) predicts the production 
of sons are favoured by females mating with attractive males, while the converse is true 
for females mating with unattractive males (Hardy, 2002). Since sons will inherit their 
father’s attractive traits, females mating with attractive males can take advantage of the 
variance associated with male mating success because a higher reproductive fitness can 
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be expected when having an attractive son compared to having a daughter (Hardy, 
2002). For females mating with unattractive males, their sons would have a low chance 
of mating (Hardy, 2002). Therefore, the production of daughters is advantageous to 
females mating with unattractive males because females are likely to at least produce 
some offspring in a polygamous society (Hardy, 2002). It is believed the MAH is most 
readily exhibited in species that perform extra-pair fertilisation (Vedder et al., 2011), as 
the mother can select sperm of the most attractive male to fertilise her egg (Kempenaers 
et al., 1997).   
 
 
2.2.5 Sex Allocation Theory  
In 1974, Charnov examined the existing sex manipulation hypotheses, such as Fisher’s 
Hypotheses, the LMCH, and the TWH, and was able to unite all of them under a theory; 
Sex Allocation Theory (Bull, 1984). Sex Allocation Theory predicts parents will alter 
their brood SR depending on the fitness benefits experienced having sons or daughters 
(Bull, 1984). What was most unique about Sex Allocation Theory was that it applied to 
all gonochoric species, explained the timing and reason for sex change within 
hermaphrodites, reasoned for allocation of male and female gametes in hermaphrodites, 
and indicated what situations would benefit gonochoric and hermaphrodite species 
(Bull, 1984).  
  
2.2.6 Cost of Reproduction Hypothesis  
25 
 
After Charnov proposed Sex Allocation Theory, two further Hypotheses were 
presented; The Cost of Reproduction Hypothesis (CoRH) (Myers, 1978) and the 
Intrabrood Sharing-Out Hypothesis (ISOH) (Carranza, 2004). The CoRH predicts 
females in ‘poor breeding condition’ favour the production of the sex that has lower 
resource demands as a means to minimise the risk of brood failure, or to reduce costs in 
terms of the mother’s future survival and reproductive success (Fisher & Blomberg, 
2011). For example, Sea-Lions (Otariidae) fast when raising offspring as they are 
unable to leave the pup to hunt (Hardy, 2002). During this period, however, low weight 
female Sea-Lions (300 kg - 380 kg) are susceptible to starvation, therefore they only 
produce daughters because sons require the mother’s milk in higher quantities and for a 
longer period (Hardy, 2002). In this case the ‘poor breeding condition’ is associated 
with low weight, however, other factors could include age and experience in mammals 
and birds (Hardy, 2002).  
 
The CoRH expects the cheaper sex to raise will be of higher frequency in a population 
were mothers initially experience difficulty raising the more costly sex (Moller & 
Thornhill, 1998). However, because the CoRH only effects ‘poor breeding condition’ 
females, those that are not of ‘poor breeding condition’ could adopt an alternative sex 
manipulation hypothesis to improve their reproductive fitness too. Therefore 
introducing the concept of multiple sex manipulation hypotheses, and a changing 
adaptive brood SR (Hardy, 2002; Wild & West, 2007). For example, in Cercopithecine 
Primates (Baboons, Macaques, Mangabeys, and other African monkeys) social ranking 
occurs, and males disperse while females stay in the natal colony (Hardy, 2002). As a 
result, many studies predicted the ADH outcome (high-ranking mothers to favour the 
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production of daughters), which did happen when there was resource competition 
among the group (Hardy, 2002). However, when resource competition was limited 
among the group, high-ranking mothers favoured the production of sons (Hardy, 2002). 
In light of this, it seemed there was the co-existence of the ADH and the LRCH (Hardy, 
2002). Not necessarily the amalgamation of two sex manipulation hypotheses, but an 
ability to switch between the most reproductively beneficial, and hence, a changing 
adaptive brood SR (Hardy, 2002). A similar situation could also arise within the 
ruminants, explaining why the ADH adaptive SR isn’t always observed as present 
within their populations. In fact, most populations exhibit evidence of multiple sex 
manipulation hypotheses and a changing adaptive brood SR (Hardy, 2002).  
 
An issue with all the mentioned sex manipulation hypotheses is they presume that 
females only consider the indirect benefit of passing their genes to future generations 
when selecting a mate (Moller & Thornhill, 1998). Direct female reproductive fitness 
benefits (such as nest site, territory gain, nuptial gifts, male parental care) are neglected 
because they are considered to return insignificant reproductive fitness benefits to 
mothers, compared to indirect ones (Moller & Thornhill, 1998). However, direct female 
reproductive fitness benefits are extremely important within the CoRH because they can 
remove the offspring sex restriction imposed on ‘poor breeding condition’ females, 
hence allowing earlier uptake of a more beneficial sex manipulation strategy (Moller & 
Thornhill, 1998). For example, if females assessed males on a trait that reflected 
paternal care, they could use their mate to pay some of the cost associated with raising 
offspring, therefore, possibly allowing earlier uptake of a more beneficial sex 
manipulation strategy such as the TWH. Interestingly, paternal care (a factor related to 
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the CoRH) is negatively correlated with extra-pair fertilisation (a factor related to the 
MAH) because the certainty of paternity decreases when females mate with multiple 
males (Moller & Thornhill, 1998), therefore, potentially introducing the idea some sex 
manipulation hypotheses are more likely than others to co-exist in a species.  
 
  
2.2.7 Intrabrood Sharing-Out Hypothesis 
For the ISOH it is important to firstly note the literature will occasionally incorrectly 
refer to this sex manipulation hypothesis as the Brood Reduction Hypothesis (Hardy, 
2002). The Brood Reduction Hypothesis is not a sex manipulation hypothesis as it 
predicts asynchrony broods to be adaptive in populations experiencing a higher 
frequency of ‘bad years’ than ‘good years’ because the dominant siblings (determined 
by age, sex, and weight) can exploit resources of lower raking siblings to evade 
starvation, whereas equal ranking siblings in synchrony broods will potentially all die of 
starvation (Pijanowski, 1992). When there is a higher frequency of ‘good years’ to ‘bad 
years’, synchrony broods are advantages as all hatchlings will fledge, whereas 
asynchrony broods will experience hatchling losses to siblicide (Pijanowski, 1992). The 
Brood Reduction Hypothesis has, however, gained mixed results for ‘good years’ 
because it doesn’t consider that mothers can limit siblicide through manipulation of the 
brood sex combination (Barrionuevo & Frere, 2017; Carranza, 2004).  
 
When a resource is unequally shared among siblings in a predictable manner, the ISOH 
predicts mothers will alter brood sex composition to limit hatchling loss to siblicide 
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(Carranza, 2004). As an example, a study on Bald Eagles (Haliaeetus leucocephalus), 
where females are the bigger sex, found nest sex composition was of equal frequency 
between the male first-hatched and male second-hatched combination (M:M), the male 
first-hatched and female second-hatched combination (M:F), and the female first-
hatched and female second-hatched combination (F:F) (Bortolotti, 1986). As it is prone 
to high sibling conflict, the female first and male second-hatched combination (F:M) 
was not observed (expect when mothers want to reduce their brood size, such as when 
resources were scares) (Bortolotti, 1986). This is because females in this situation (F:M) 
have age, sex, and weight dominance, whereas the other three brood sex compositions 
reduce dominance of the older sibling (Bortolotti, 1986; Hardy, 2002). Evidently, 
expression of M:M, M:F, and F:F brood sex compositions results in Bald Eagles 
expressing Fisherian at the primary SR level (SR at the time of conception (Warade et 
al., 2014)), but because second-hatched chicks experience siblicide (Edwards & 
Collopy, 1983), the population exhibits male bias at the tertiary SR level (SR of 
reproductively mature organisms (Warade et al., 2014)) (Hardy, 2002); assuming, other 
than the ISOH, no other sex manipulation hypotheses are active. Secondary SR level is 
the SR at birth (Warade et al., 2014). Ultimately, the ISOH can produce a variety of 
different SRs at the primary, secondary, and tertiary SR levels depending on a species’ 
brood size, frequency of siblicide, dominant sex, etc. (Carranza, 2004).  
 
2.2.8 Ten Sex Manipulation Hypotheses 
Overall, there are ten bird and mammal sex manipulation hypotheses (Figure 3), each of 
which indicates how an individual can maximise its reproductive fitness through 
adaptive brood SR adjustment (Hardy, 2002). In addition, it is important to note an 
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adaptive SR can be incorrectly reported by human induced errors; such as with the use 
of a small sample size (Novakova et al. 2010) or when sexing of a particular sex is 
easier than the other (Morrison et al., 2016). Considered highly unlikely, a population 
may not always exhibit an adaptive SR, due to species-specific constraints or if the costs 
of manipulating sex are greater than the benefits (Postma et al., 2011). Additionally, 
there is also the potential for other unknown bird and mammal sex manipulation 
hypotheses to exist because some anomalies (such as the captive female Eclectus Parrot 
(Eclectus roratus) which produced thirty sons before producing an additional nine 
daughters) can’t be explained by any currently existing hypotheses (Hardy, 2002). 
Regardless of whether additional bird and mammal sex manipulation hypotheses exist, 
its crucial to examine what mechanisms birds and mammals use to change brood SR as 

















1. Fisher’s Hypotheses. Brood sex-ratio success is depicted on the basis of sex rarity.  
1.1 Fisher’s Hypothesis. Parents converge on equal parental investment between sons 
and daughters. 
1.2 Homeostasis Hypothesis. Parents converge on equal genetic predisposition of either 
sex. 
2. Sex Dispersal Hypotheses. Brood sex-ratio reflects costs and benefits derived from 
offspring sex dispersal from the natal group. 
2.1 Local Mate Competition Hypothesis. When one or a few founding females colonise 
a habitat, mothers should bias the production of daughters when neither sex disperses 
from the natal group to evade unnecessary mating competition among male siblings.  
2.2 Local Resource Competition Hypothesis. Resource competition between the 
philopatric sex and the parents leads to selective overproduction of the dispersive sex.  
2.3 Local Resource Enhancement Hypothesis. When the presence of philopatric 
offspring enhances the fitness of its parents there is selective overproduction of the 
philopatric sex. 
3. Trivers and Willard Hypotheses. In polygamous populations, mothers favour production 
of the sex that derives the greatest reproductive fitness return.  
3.1 Trivers-Willard Hypothesis. High variance in male reproductive success means 
parents in ‘good condition’ selectively favour sons, and parents in ‘poor condition’ 
selectively favour daughters. 
3.2 Advantageous Daughter Hypothesis. In female-based groups, daughters may 
acquire a rank close to that of their mothers’. High-ranking mothers (having 
preferential access to resources and mates) favour the production of females, while 
low-ranking mothers favour the dispersive sex; males. 
3.3 Male Attractiveness Hypothesis. Assuming males pass their attractive genes onto 
their sons, females mating with attractive males will benefit from the high variance 
associated with male reproductive success, hence, produce sons. The converse is true 
for females mating with unattractive males. 
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4. Cost of Reproduction Hypothesis. Females that are in poor breeding condition are 
reluctant to produce the more costly sex to minimise both the risk of brood failure and 
future reproductive success.  
5. Intrabrood Sharing-Out Hypothesis. When a resource is unequally shared among 
siblings in a predictable manner (due to age, sex, and weight dominance), mothers 
manipulate their brood SR to minimise hatchling loss to siblicide.  
 
Figure 3: The ten current bird and mammal sex manipulation hypotheses. Source adapted 
from: Hardy (2002).  
2.3 Sex Manipulation Mechanisms  
2.3.1 Sex Manipulation Mechanism Categories  
In vertebrates, the heavy reproductive fitness cost associated with the sacrifice of 
embryos and offspring limits sex manipulation at the secondary and tertiary SR levels, 
respectively (Macke et al., 2012). Additionally, the rigid process of chromosomal sex 
determination and random meiosis were thought to limit the scope for sex manipulation 
at the primary SR level (Macke et al., 2012). However, there is a range of physiological, 
morphological, behavioural, and genetic mechanisms that can overcome these costly 
and rigid processes (van Doorn, 2014); supporting the prospect of sex manipulation 
hypotheses.   
 
2.3.2 Physiological  
One of the most supported physiological SR mechanisms is the sexually dimorphic 
expression of molecules signalling pregnancy (Larson et al., 2001). Pregnancy 
signalling molecules, such as the IFN-tau, were found to be expressed earlier and at 
higher doses when a mother was pregnant with a daughter (Larson et al., 2001). When 
mothers were pregnant with a son there was a lower and/or delayed expression of IFN-
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tau, resulting in high levels of spontaneous abortions (Larson et al., 2001). However, 
when IFN-tau is supplemented with glucose and other nutrients, the combination 
favoured the formation of male blastocysts (Larson et al., 2001). In mice, mothers that 
are diabetic favour production of sons, and in humans, mothers that are insulin-
dependent favour production of daughters (Cameron, 2004). This physiological SR 
mechanism fits well with the TWH as a high glucose level (food intake) is a fair 
representation of ‘good condition’. However, ‘good condition’ isn’t necessarily just 
food intake level because diet composition also affects offspring sex, such as a high-fat 
diet favouring the production of sons while a low-fat (carbohydrate-rich) diet favours 
the production of daughters (Mao et al., 2010). Interestingly, dimorphic expression of 
molecules signalling pregnancy supports the TWH ‘current condition’ assessment, 
conflicting with recent empirical evidence suggesting it should be assessed via ‘change 
in condition’. While the sexually dimorphic expression of molecules signalling 
pregnancy applies to the TWH, it doesn’t apply to the other Trivers and Willard 
Hypotheses.  
 
Physiological mechanisms controlling the MAH presumably would be hormonal, 
however, the hormone would have to adjust dosage based on partner attraction, 
influence offspring sex, and remain constant until zygote sex is determined. Cortisol has 
been found to fluctuate based on partner attraction and influence offspring sex in 
mothers (der Meij et al., 2019). However, Cortisol is a stress hormone (der Meij et al., 
2019) and, unfortunately, an increase in stress favours the production of daughters 
(Navara, 2010); not in alignment with the MAH prediction that increased attraction to 
the male partner should result in favoured production of sons (Cockburn, 2002). 
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Increased testosterone levels in mothers increase the chances of having a son (Cameron 
et al., 2017), but its dose doesn’t fluctuate much based on partner attraction in females 
compared to males (der Meij et al., 2019). Therefore, there appears to be no known 
mechanism to support the MAH. Many sex manipulation hypotheses have no known 
sex biasing mechanism (Cameron, 2004); which can mean either the sex biasing 
mechanism has not been discovered yet or the sex manipulation hypothesis is false.  
 
Returning to the Cercopithecine Primates example where both the ADH and LRCH 
were expressed in populations, it was noted all members favour the production of 
daughters when resources were scarce, but when resources were plentiful only low-
ranking mothers would produce daughters (Cockburn, 2002). In this situation there is a 
potential to explain sex bias through stress because when all members are dealing with 
resource competition they also experience high stress; hence favour daughters 
(Navara, 2010). But when resources are plentiful possibly only low-ranking females 
will now feel stress due to their continuous poor social status among the group. 
However, without having a sound biochemical understanding of physiological 
mechanisms, such as hormonal stress (Navara, 2010), it is difficult to attribute sex 
manipulation mechanisms to sex manipulation hypotheses.   
 
The CoRH and the ISOH require a mechanism that can temporarily produce strong bias 
and lacked bias. The mechanism likely behind this would be sex hormones, such as 
progesterone, as they influence sex and can change dosage within an individual 
(Cockburn, 2002). Returning to the CoRH example on Sea-Lions, if progesterone 
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(daughter favouring hormone) (Correa et al., 2005) is only produced in high doses early 
in the female’s life, then it could be a potential CoRH mechanism. However, like 
hormonal stress, a greater in-depth biochemical knowledge of progesterone is required 
before it can be attributed to the CoRH as a potential sex manipulation mechanism 
(Correa et al., 2005). 
 
2.3.3 Morphological 
Specifically referring to Aves and their chromosome movement during meiosis, a 
distinct morphological mechanism has evolved to retain sex bias in bird species 
(Rutkowska & Badyaev, 2008). Because there is a high degree of size and shape 
dimorphism between the Z and W sex chromosomes of female birds, non-random 
segregation will always occur; assuming no compensatory mechanisms are present 
(Rutkowska & Badyaev, 2008). If a regular chromosomal pattern arises, mother birds 
can then selectively choose sex via complementary pattern-based selection of a polar 
bodies and gametes at Anaphase I and II (Rutkowska & Badyaev, 2008). Most 
vertebrates do this through rotation of the meiotic spindles (Rutkowska & Badyaev, 
2008). Initially the oocyte meiotic spindle poles are oriented parallel to the mother’s 
cortex, but just before the chromosome bivalents separate, the meiotic spindle poles 
rotate 90 0 (Rutkowska & Badyaev, 2008). The meiotic spindle pole against the 
mother’s cortex then becomes a polar body and is targeted for destruction when pushed 
into the cortex (Fabritius et al., 2011). This 90 0 is highly conserved among species 
(Fabritius et al., 2011), therefore provides a mechanism by which birds species can 
consistently favour the production of the advantageous offspring sex, such as predicted 




2.3.4 Behavioural  
One of the costliest mechanisms to alter SR is to consciously kill the undesired sex (a 
behavioural mechanism) (Cockburn, 2002). It is considered a highly costly mechanism 
because often mothers can’t determine offspring sex until a significant amount of 
investment has been provided to the child (Schwanz & Robert, 2016). However, the 
costs associated with this mechanism differ greatly between species, but generally this 
method will be rare among k-strategists as investment levels per individual are higher 
than of r-strategists (Schwanz & Robert, 2016; Gadgil & Solbrig, 1972). Other bird and 
mammal behavioural mechanisms include coital timing and rate (Cameron, 
2004; Johnson, 1994). Ultimately these behavioural mechanisms don’t explicitly relate 
to the five classes of models supporting adaptive SR manipulation in birds and 




First predicted by Fisher’s Hypotheses, it is now known that genes can play a role in sex 
manipulation (van Doorn, 2014). Supporting FH, some Drosophila species have 
demonstrated the partial inheritance of paternal investment (Carvalho et al., 1998). For 
the HH, the maintenance of Fisherian by frequency-dependent selection is because 
nuclear genes, which can favour the production of an offspring sex (van Doorn, 2014), 
are inherited equally through both parents (Godfray & Werren, 1996). However, some 
genetic elements have an asymmetric inheritance (transmitted through one sex but not 
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the other), such as mitochondria and microorganisms inherited from the mother via the 
egg cytoplasm (Godfray & Werren, 1996). Asymmetries in the inheritance of 
cytoplasmic elements result in two important consequences; SR skews towards the 
‘transmitting sex’, and genetic conflict over sex allocation with nuclear genes (Godfray 
& Werren, 1996). If the nuclear gene suppressors of cytoplasmic SR distorters are 
therefore absent, the ‘non-transmitting sex’ can experience selective lethality, 
feminisation, or parthenogenesis (Godfray & Werren, 1996). This form of genetic 
conflict between nuclear genes and cytoplasmic elements was not considered in Fisher’s 
Hypotheses (Voordouw, 2005), yet it is potentially an important interaction influencing 
sex determination (Godfray & Werren, 1996).    
 
2.4 Sex Manipulation Research Avenues 
2.4.1 Potential Research Avenues  
There are two major avenues of research into SR manipulation (Hardy, 2002). First is 
the mechanisms avenue (Hardy, 2002). As mentioned, there are four main categories 
(physical, morphological, behavioural, and genetic (van Doorn, 2014)), each of which 
remains poorly understood (Hardy, 2002). Therefore, a SR manipulation study could 
investigate further into any one of these four mechanism categories. The second avenue 
of research is sex manipulation hypotheses (Hardy, 2002); this study’s research avenue. 
Unfortunately, investigation of sex manipulation hypotheses is best achieved with a 
strong understanding of SR manipulation mechanisms (Hardy, 2002). This is because 
they allow a researcher to correctly perceive a sex manipulation hypothesis (e.g. is the 
TWH assessed via a mother’s ‘current condition’ or ‘change in condition’?), and hence, 
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form accurate conclusions (Cameron, 2004). Therefore, assumptions on SR 
manipulation mechanisms are made in sex manipulation hypothesis studies (Hardy, 
2002). 
 
As mentioned, bird and mammal species can adopt multiple sex manipulation strategies 
(Hardy, 2002), therefore, there is a need to mathematically model each if a study wishes 
to determine what degree of influence a sex manipulation hypothesis has on a 
population’s SR (Koenig & Dickinson, 1996). Koenig and Dickinson’s (1996) thirteen-
year study on Western Bluebirds failed to return a conclusive outcome on adaptive 
brood SR adjustment as they only modelled one of the five sex manipulation hypotheses 
present in their target species. Unfortunately, to model sex manipulation hypotheses 
requires an in-depth knowledge of sex manipulation mechanisms and the life history of 
the chosen target species. For most species we do not have an in-depth knowledge of its 
life history (Wild & West, 2007). As mentioned in the Introduction, it is unknown why 
Little Penguin juveniles and adults have separate feeding grounds, and why they leave 
the colony between their moulting and pre-breeding annual phase (Dann et al., 1992: 
DCLM, 2001). As a more general example, it is unknown if species increase investment 
towards the more beneficial sex of an individual or of the population (Mansuy et al., 
2013); previously discussed as an issue for the TWH. Without detailed life histories, 
crucial long-term and/or cryptic reproductive fitness benefits are left unknown, and 
hence, the resulting model is an inaccurate prediction (Khwaja et al., 2018; Wild & 
West, 2007). There is also debate over how reproductive fitness should be measured; 
reproductive value (long-term contribution of an individual to the population’s gene 
pool) or reproductive success (number of grandchildren) (Borgstede, 2019). And 
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additionally, there is the inherent problem that hypotheses presume thresholds, whereas 
SR adjustment is a gradual procedure; further adding to the inaccuracy of mathematical 
models (Wild & West, 2007). As a result of poor grasp on mechanisms and life 
histories, indecisions over how to measure reproductive fitness, and the inherent 
hypothesis threshold problem, models have returned a plethora of both conforming and 
non-conforming conclusions for sex manipulation hypotheses (Hardy, 2002; Cameron 
& Linklater, 2007). These inconsistencies within the literature are considerable and 
make interpretation of sex manipulation hypotheses extremely difficult (Cameron & 
Linklater, 2007).   
  
2.4.2 This Study’s Research Avenue 
This study proposes a novel approach for examining adaptive brood SR adjustment by 
explicitly observing a species that exhibits few sex manipulation hypotheses, which 
should produce a clearer conclusion on SR by evading the need for inconsistent and 
inaccurate mathematical models.  
 
The monogamous nature of Little Penguins (Chiaradia, 1999) prevents the LMCH and 
Trivers and Willard Hypotheses from being active within this species (Hamilton, 1967; 
Figure 3). Because very few Little Penguins disperse from their natal group (Priddel et 
al., 2008), it is unlikely sex-biased philopatry would have a large influence on Little 
Penguin SR. However, there is some preliminary evidence to suggest male biased 
dispersion in Little Penguins as a study by Vardeh (2015) found differentiation was 
stronger at their maternally inherited mitochondrial marker than at the biparentally 
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inherited microsatellites. No further evidence could be found on the existence of 
philopatric sex in Little Penguins, presumably because no Little Penguin chick sexing 
method currently exists. It is important to note that if male biased dispersion is present 
within Little Penguins, then presumably the species would instead exhibit a male biased 
mortality rate. This is because migration is associated with a high mortality rate for 
Little Penguins (DCLM, 2001). Without any conclusive evidence, the assumption is 
sex-biased philopatry is not present within Little Penguins, and hence, the LRCH and 
LREH would theoretically be absent within the species (Figure 3). Adult male Little 
Penguins are generally heavier and have larger beak depths than adult females 
(Borboroglu & Boersma, 2013; Wiebkin, 2012), however, it appears unknown if these 
sexually dimorphic features are present at an early age (likely because no known Little 
Penguin chick sexing method currently exists), such that they could contribute to 
unequal net costs associated with raising either offspring sex. Without any conclusive 
evidence, this study assumes that for Little Penguins there are equal net costs associated 
with raising either offspring sex, and hence, the CoRH and the ISOH should be 
theoretically absent within the species (Figure 3). The only hypotheses that should be 
present in Little Penguin populations are Fisher’s Hypotheses (Figure 3). Unfortunately, 
due to funding and time restraints, the study will be unable to determine whether FH or 
the HH is responsible for the Little Penguin SR on Penguin Island and Garden Island. 
However, both FH and the HH select for Fisherian, therefore, this study can generate 
direct evidence for Fisher’s Hypotheses (Little Penguins will only theoretically meet 
Fisher’s Hypotheses assumptions, and hence a Fisherian ESS will be expressed on 
Penguin Island and Garden Island populations) and indirect evidence for the other eight 
sex manipulation hypotheses (Little Penguins will not theoretically meet the 
assumptions of the other eight sex manipulation hypotheses, and hence non-Fisherian 
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will not be expressed on Penguin Island and Garden Island populations), without the 
need for mathematical models.  
 
As covered, there is potential for Little Penguin populations on Penguin Island and 
Garden Island to express non-Fisherian, via Fisher’s Hypotheses, if the species exhibits 
unequal net costs of males and females (costs associated with raising either offspring 
sex, sex-biased mortality, and sex-specific behaviour), or if there has been a recent SR 
disturbance. Therefore, possible recent SR disturbances to Little Penguins are assessed, 
and the possibility of unequal net costs of males and females (costs associated with 
raising either offspring sex, sex-biased mortality, and sex-specific behaviour) in Little 
Penguins are examined. Knowing sex-biased mortality and sex-specific behaviour to be 
equal between genders in Little Penguins (Reilly & Cullen, 1979; Wiebkin, 2012), there 
is only a need to examine unequal net costs associated with raising either offspring sex 
via chick weight and foot length growth curves. Evidently, assessing male and female 
Little Penguin chick weight and foot length growth data also allows this study to check 
whether it was right to exclude the CoRH and ISOH from its Little Penguin population 
SR prediction. Ultimately, accurate assessments on net costs associated with raising 
either offspring sex extend well beyond the examination of two factors (weight and foot 
length growth rates) (Hardy, 2002), and therefore, results concluded on Little Penguin 
net costs associated with raising either offspring sex via weight and foot length growth 




This study does not examine the demographic SR factors (sex-biased mortality and sex-
specific behaviour) because we know them to be equal for Little Penguins (Reilly & 
Cullen, 1979; Wiebkin, 2012). It is important to note, therefore, that the expected Little 
Penguin Fisherian populations on Penguin Island and Garden Island could be the result 
of demographic forces (i.e. not sex manipulation forces). Unfortunately, funding and 
time restraints prevent this study from determining whether a Little Penguin Fisherian 
population is the result of sex manipulation forces or demographic forces.  
 
Importantly, this study has three key assumptions to consider throughout; (1) genetic 
conflict between nuclear genes and cytoplasmic elements is absent within Little 
Penguins, (2) there is no Little Penguin philopatric sex, and (3) equal net costs 







Chapter Three - Methods 
3.1 Little Penguin Chick Sex-Ratio 
3.1.1 Sample Sites 
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For the Little Penguin chick SR study, both Penguin Island and Garden Island 
populations were sampled. Penguin Island (32°18’S, 115°41’E) is a 12.5 ha island that 
lies 600 m offshore, approximately 50 km south of Perth, Western Australia; Garden 
Island (32°16’S, 115°40’E) is a 1,100 ha island that lies 5 km offshore, approximately 
35 km south-west of Perth, Western Australia (Figure 1).  
 
3.1.2 Sampling 
Little Penguin populations on Penguin Island and Garden Island were sampled during 
their April - December breeding season (DCLM 2001), for the years 2016 - 2018. Little 
Penguin blood samples were taken from chicks once they had reached an age greater 
than four weeks. All 61 chick blood samples (Table 1) were taken from those nesting 
within artificial nest boxes. Additionally, 17 blood samples were retrieved from adults 
(Table 1) nesting within artificial nest boxes, so that it was possible to compare the 




Table 1: Little Penguin chick sample numbers for Penguin Island and Garden Island, Western 
Australia, during the 2016 - 2018 study period. M: Male, F: Female, UN: Unknown. 
Island No of 
adults 
sampled 
No of  
chicks   
___sampled___ 
No of chicks sampled 
with weight and foot 
length measurements 
No of first-hatched 
chicks (with a known 














             
            M 
 
F 
          
          M 
 
F 
     
     M 
 
F 
            
Penguin 4 6 18 23 1             11 20           6 10     5 10 
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Garden 3 4 7 12 0             7 8           2 4     3 4 
            
Total 
(M+F) 
17 61   46  22   22 
 
 
Nest boxes, for both Penguin Island and Garden Island, were located at known Little 
Penguin preferential nest sites (Klomp et al., 1991). For the sample period, Penguin 
Island had between 119 - 122 nest boxes available (nest boxes were regularly added 
and/or damaged throughout the 2016 - 2018 study period) across the island. There were 
twelve nest boxes available for Little Penguins on Garden Island. These twelve nest 
boxes were located on the south-southeast end of Garden Island (Figure 1); the only 
area Little Penguins are known to nest on Garden Island (DCLM 2001).   
 
For the retrieval of blood from Little Penguins, up to 0.1 ml of blood was collected from 
the metatarsal vein using a 25-gauge needle. All sampled chicks and adults were micro-
chipped for identification.    
 
All Little Penguin blood samples taken during the sample period were collected under 
animal ethics permits R2580/13 (Murdoch University), RA/3/100/1221 (University of 
Western Australia), or RA/3/100/1578 (University of Western Australia). The 
Department of Biodiversity, Conservation and Attractions Regulation 17 Licences 
(licence to take fauna for scientific purposes) were (1) CE-005349 and SF010902, (2) 
08-000970-1, and (3) 08-002908-1. Following blood extraction, each Little Penguin 




3.1.3 DNA Extraction and PCR 
For the preparation of each Little Penguin blood sample for DNA extraction, 0.4 ml of 
blood/ethanol solution was transferred to 1.5 ml Eppendorf tubes. When Little Penguin 
blood settled to the bottom of the Eppendorf tube, as much as possible of the less dense 
ethanol was removed via plastic transfer pipettes. The remaining blood sample was 
diluted with 0.8 ml of 0.9 % saline water. After each blood sample was rinsed in saline 
twice, and as much as possible of residual ethanol/saline solution was removed, the wet 
weight of the samples was recorded.  
 
DNA was extracted from Little Penguin blood samples using a ‘MasterPureTM DNA 
Purification Kit’, following the instructions for ‘cell samples’. To start, 300 µl of Cell 
Lysis Solution and 2 µl of Proteinase K were added to each Little Penguin blood 
sample. Samples were then left to incubate at 65 0C for 1.5 hours, vortexed every 15 
minutes. Following incubation, samples were placed in ice for 5 minutes. Then 225 µl 
of MPC Protein Precipitate Reagent was added to each lysed sample and vortexed for 
10 seconds. The debris was then pelleted by centrifugation for 10 minutes at ≥ 10,000 x 
g in a microcentrifuge. Transferred to a clean microcentrifuge tube, the recovered 
supernatant (containing the DNA) then had 600 µl of isopropanol added to it. After 
inverting the tubes 40 times, the DNA was then pelleted by centrifugation for 10 
minutes at ≥ 10,000 x g in a microcentrifuge. Carefully pouring off the isopropanol 
without dislodging the DNA pellet, samples were rinsed once with 75 % ethanol before 
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being placed in a laminar flow to dry. Once dry, the Little Penguin DNA samples were 
resuspended in 35 µl of 1 × TE buffer (10 mM Tris-Cl/L mM Na2 EDTA).  
 
To confirm the procedure had successfully extracted DNA from Little Penguin blood, 
all samples were put through gel electrophoresis. DNA samples, DNA negatives 
(samples that did not consist of Little Penguin blood), and DNA ladders (Lambda) were 
run on 2 % agarose gels at 45 mA for 15 minutes. Lambda was used with DNA samples 
to visualise a wide range of DNA fragment sizes (Maddocks & Jenkins, 2016). DNA 
sample and DNA negative loadings consisted of DNA extract mixture (2 µl), 
blue/orange loading dye (Promega) (2 µl), and purified water (6 µl). DNA ladder 
(Lambda) loadings consisted of Lambda (25 ng), blue/orange loading dye (Promega) (2 
µl), and purified water (3 µl).  
 
The established primer pair PL (5′-CCC AAG GAT GAT AAA TTG TGC-3′)/ PR (5′-
CAC TTC CAT TAA AGC TGA TCT GG-3′) from Zhang et al. (2013) was used to 
amplify a region within the CHD1 gene on both the Z and W sex chromosomes of Little 
Penguins. All PCR reactions were conducted on a VeritiTM 96-Well Thermal Cycler 
machine (Applied Biosystems). The reaction mixtures contained approximately 10 - 100 
ng of genomic DNA, 0.1 mM of each dNTP (Promega), 10 μM of each primer, 3.4 μL 
of Roche Taq buffer (100 mM Tris-HCl, 15 mM MgCl2 500 mM KCl, pH 8.3), and 0.35 
μL of Roche Taq DNA polymerase adjusted to a total volume of 52 μL with PCR-grade 
water. For all PCRs, an initial denaturation (94 0C/5 min) was followed by 32 cycles of 
denaturation (94 0C/30 sec), annealing (50 0C/45 sec), and extension (72 0C/45 sec), 
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ending with a final extension (72 0C/10 min). PCR samples (consist of either DNA 
samples or DNA negatives), PCR negatives (samples that did not consist of DNA 
samples or DNA negatives), and PCR ladders (Phi) were run on 2 % agarose gel at 45 
mA for 1.5 hours. This period of time allowed for a distinguishable separation between 
genes CHD1Z and CHD1W target regions. Phi 174 DNA-HaeIII was used with PCR 
samples because this particular DNA ladder produces five gel bands (310 bp, 281 bp, 
271 bp, 234 bp, and 194 bp (Maddocks & Jenkins, 2016)) within the predicted 350 bp - 
150 bp length range of the Little Penguin CHD1Z and CHD1W fragments (prediction 
based on the CHD1Z and CHD1W fragment sizes of Rockhopper Penguins (Eudyptes 
chrysocome) (Zhang et al., 2013)), hence allowing this study to more accurately 
estimate amplicon sizes (Maddocks & Jenkins, 2016). PCR sample and PCR negative 
loadings consisted of PCR reaction mixture (10 µl), and blue/orange loading dye 
(Promega) (2 µl). DNA ladder (Phi) loadings consisted of Phi (25 ng), blue/orange 
loading dye (Promega) (2 µl), and purified water (5 µl).  
 
Of the 61 Little Penguin chicks sampled from Penguin Island and Garden Island, one 
blood sample was randomly chosen from each DNA extraction batch to be re-performed 
from the start. Given there were seven batches, seven samples were re-performed. This 
repetition provided confidence in our chick sexing results.    
 
3.1.4 Conformation of PCR Products 
To identify whether primer pair PL/PR had successfully replicated the desired CHD1W 
and CHD1Z target regions, it was necessary to compare the estimated and expected 
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CHD1W and CHD1Z fragment sizes. The sizes of PCR fragments were estimated 
against linear fragment size graphs, developed from the best gel images. To obtain the 
expected CHD1W and CHD1Z fragment sizes, primer pair PL/PR was BLAST searched 
against the GenBank nr database (http://blast.ncbi.nlm.nih.gov/Blast.cgi), which 
returned both a male and female Little Penguin Genome (Gonzo isolate 9968 and 
99789, respectively). Downloading the genomic data into Geneious Prime 2019.1.1, it 
was possible to determine the expected CHD1W (accession VULC01011270.1) and 
CHD1Z (accession VULC01016852.1) fragment sizes by aligning primer pair PL/PR to 
the Little Penguin male and female genomes and then counting the number of 
nucleotide bases between primers PL and PR.  
 
3.1.5 Sex-Ratio Statistical Analysis  
Binomial probability distribution function tests were conducted in Excel to determine if 
observed Little Penguin chick SRs, for Islands and sample years, significantly differed 
from the expected 50:50 SR; assuming the equal probability of having male or female 
offspring (Figure 4). To be sure the chick SR data met the binomial assumption that 
each trail is independent of each other (i.e. neither sex was more likely to be first-
hatched or second-hatched) (Figure 4), a two proportion z-test was conducted on first-
hatched and second-hatched chicks; such that ‘population one’ represented the first-
hatched SR and ‘population two’ represented the second-hatched SR (calculation 
performed on a Casio fx-CP400 ClassPad CAS Graphic Calculator) (Swift et al., 2014). 
‘Population one’ and ‘population two’ consisted of chicks from both Islands and all 





Assumption 1 -The experiment consists of n identical trials.                                                                  
k 
Assumption 2 -Each trial results in one of the two outcomes, called success and failure.       
k 
Assumption 3 -The probability of success, denoted P, remains the same from trial to trial.     
k 
Assumption 4 -The n trials are independent. That is, the outcome of any trial does not    
affect the outcome of the others 
Figure 4: Binomial probability distribution function assumptions. Source adapted from: Swift et 
al. (2014). 
 
A multiple-comparison correction (e.g. Bonferroni Correction) was not applied because 
the study was interested in identifying the presence of non-Fisherian SRs (i.e. evading 
false negatives) and few statistical tests were performed simultaneously (seven 
statistical tests performed simultaneously) (Swift et al., 2014). 
3.2 Little Penguin Chick Growth Rates  
3.2.1 Data Collection and Preparation 
Little Penguin weight and foot length growth data were recorded from the same Penguin 
Island and Garden Island chicks sampled for sex determination, during their April - 
December breeding season (DCLM 2001), for the years 2016 - 2018. Not all 61 Little 
Penguins sampled for sex determination had weight and foot length data (Table 1). 
Weight and foot length data were recorded for 46 of the 61 sampled chicks (Table 1). 
Little Penguins were weighed using calico bags and spring weights (± 10 g), while foot 
length measurements were taken from the left foot using a ruler (± 1 mm). Individual 
chicks had 1 - 8 data observations on weight and foot length, taken randomly between 
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ages 2 - 69 days old. Chick age was estimated by weight and foot length data, down 
colour, and/or amount of adult feather growth (± 2 days) (Wienecke et al., 2000; Stahel 
& Gales, 1987).  
 
3.2.2 Selection of Growth Curve 
When choosing which of the five tested sigmoidal curves (Brody, Gompertz, Logistic, 
von Bertalanffy, and Richards (Juarez-Caratachea et al., 2019; Sariyel et al., 2017)) best 
fit the Little Penguin data, each curve’s performance was evaluated regarding its 
coefficient of determination (R2), adjusted coefficient of determination (adj. R2) = 1-(1-
R2)*(n-1)/(n-k-1); where n is the number of observations; and k is the number of 
parameters, Akaike's information criteria (AIC) = n*ln(SSE/n)+2*k; where n is the 
number of observations; SSE is the sum of square of errors; k is the number of 
parameters, and Schwarz Bayesian information criterion (BIC) = n*ln(SSE/n)+k*ln(n); 
where n is the number of observations; SSE is the sum of square of errors; and k is the 
number of parameters (Sariyel et al., 2017). The Logistic growth curve was determined 
to have the best performance against Little Penguin data when examining 2016 - 2018 
female weight and foot length measurements from both Islands (Table 2). Additionally, 
the Logistic growth curve required fewer values at the asymptote, and performed well 















Table 2: Goodness-of-fit statistics (R2, Adj. R2, AIC, and BIC) for different growth curve models 
applied to Little Penguin chick growth data. Little Penguin chick data were first-hatched and 
second hatched females, from either clutch, inhabiting Penguin Island and Garden Island, 
Western Australia, during 2016 - 2018.  
                                                    _______Goodness-of-fit statistics_______       













 Foot Length 
 
0.921 0.919 165.298 174.165 
Gompertz Weight 0.917 0.915 1064.622 1073.489 
 Foot Length 
 
0.934 0.933 119.138 128.005 
Logistic Weight 0.926 0.924 1034.346 1043.213 
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 Foot Length 
 
0.936 0.934 94.594 103.462 
von Bertalanffy Weight 0.871 0.868 1153.061 1161.928 
 Foot Length 
 
0.890 0.888 229.864 238.732 
Richards Weight 0.884 0.881 1221.325 1233.149 
 Foot Length 0.922 0.920 204.854 216.677 
 
 
The Logistic curve is described by the equation: S = A/(1 + Be− Kt ) where S is the 
parameter measurement, as in this case body weight (g) or foot length (mm); A is the 
variable’s asymptote value at which growth ceases; B is the biological constant which 
represents the ratio of live weight, gained in the period after hatching or the hatching 
weight to mature weight; e is the base of natural logarithms; K indicates maturation rate 
and how fast live-weight reaches the mature weight; and t is the age of the chick in days 
after hatching (Sariyel et al., 2017; Juarez-Caratachea et al., 2019).  
 
3.2.3 Growth Curve Statistical Analysis  
To determine if growth rates differed between male and female Little Penguins, it was 
necessary to first assess whether growth rates differed between hatch order, clutch 
number, Islands (Penguin Island and Garden Island), and years (2016-2018). 
Unfortunately, when testing one of these four variables, while controlling the other three 
variables and sex, the test sample sizes consisted of 2 - 4 individuals. Wienecke et al., 
(2000) had previously tested for Little Penguin hatch order and clutch number growth 
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rate differences on Penguin Island, concluding hatch order affected an individual’s 
growth rate but not clutch number. Therefore, this study controlled for hatch order but 
not clutch number, which increased the test sample sizes. However, the test sample sizes 
still remained very small; 2 - 6 individuals. Therefore, this study only assessed whether 
growth rates differed between Islands and years as there were no current data on this. 
Given accurate results already existed for Little Penguin growth rate differences 
between hatch order and clutch number, it was unnecessary to re-examine these two 
variables within this study because the very small sample size inevitably produces a less 
reliable result. If growth rates differed between Islands or years, the Island/year with the 
greatest sample size was included in the comparison between male and female growth 
rates and the smaller sample size was not.  
To test whether the Little Penguin growth curves differed significantly between Penguin 
Island and Garden Island populations, this study examined two potential methods; 
parameter switching (Wienecke et al., 2000) and parameter confidence intervals 
(Moscarella et al., 2001; Smuts et al., 1987). Parameter switching requires the best-
fitting parameter values for A, B, and K (Logistic growth curve parameters) to be 
calculated for both Island populations (calculated using SPSS 2019.26.0 nonlinear 
regression function), and the respective residual sum of squares to be recorded. The 
best-fitting values for parameters A, B, and K are then applied to the opposing Island 
population’s weight and foot length data, and again the respective residual sum of 
squares is recorded. Using the residual sum of squares (adjusted to sample size and R2 
value differences), it is possible to calculate F-values to statistically compare Island 
growth rates. Assuming growth rate data to be similar between Island populations, 
applying A, B, and K to the opposing Island population will not produce a significantly 
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higher residual sum of squares value; and vice versa. The parameter confidence interval 
method simply calculates a confidence interval for each parameter. Any confidence 
interval overlap between parameters would indicate non-significance; and vice versa. 
Given Garden Island’s population consisted of three Little Penguins and Penguin 
Island’s population of six, when controlling for hatch order, year, and sex, it was more 
applicable to statistically compare Island population growth rates via the parameter 
switching because sample sizes of 30 are suggested to calculate confidence intervals 
(Hazra, A. 2017).  
 
Given 2016 consisted of two individuals, 2017 of six, and 2018 of six, the parameter 
switching approach was also the most applicable method for examining annual 
differences in Little Penguin growth rates; adjusted to compensate for having three 
groups (2016, 2017, and 2018 year groups). Three different sets of parameters, hereafter 
referred to as model 1, 2, and 3, were applied to the Logistic curve. In model 1 the best-
fitting parameter values for A, B, and K were calculated for each year. In model 2 
parameters A and K were again calculated for each year, however, parameter B was a 
constant; derived from averaging the three B values in model 1. In model 3, only the K 
parameter was calculated for each year, parameters A and B were constants derived 
from averaging the corresponding parameter in model 1. This reduction in parameters, 
from nine (3A, 3B, 3K), to seven (3A, 3B, 1K), to five (1A, 3B, 1K) meant F-values 
and P-values could be calculated, allowing the study to determine whether significant 
growth rate differences existed between years. (Wienecke et al., 2000). Assuming no 
annual differences in environmental conditions, converting parameters into constants 




Given a large enough sample size was available after controlled testing of variables, 
male and female growth curves were statistically compared via parameter confidence 
intervals. Examining growth curves via parameter confidence intervals is more ideal for 
comparing growth curves as it compares at the parameter level (i.e. comparison of 
asymptotic values, biological constants, and growth rates) (Moscarella et al., 2001), 
whereas the parameter switching method provides less insight as it compares at the 
equation level (Wienecke et al., 2000).   
Alternative methods do exist for the comparison of gender growth rates. Bhatta et al. 
(2012) examined gender growth rate data via analysis of variance, while Boutin & 
Larsen (1993) fitted growth curves to individuals allowing for analysis of covariance on 
male and female parameters. This study could not compare growth rate data via analysis 
of variance because the decision to sample Little Penguin chicks at random dates meant 
too few observations were taken at the same age (Bhatta et al., 2012). Additionally, 
analysis of covariance on parameters A, B, and K would not have been ideal given 
individual Little Penguin chicks had very few measurements on weight and foot length 
(1 - 8), and hence, this method would likely have produced highly variable parameters 
that do not truly reflect their respective genders.  
 
Considering the study was interested in identifying significant differences from SR 
parity and in growth rates, it utilised a significance level of 0.05. Therefore, the 










Chapter Four - Results 
4.1 Little Penguin Sex-Ratio 
4.1.1 Determining Gender 
Depending on the sample’s gender, the established PL/PR primer pair consistently 
produced amplicons with an estimated length of 234 bp and 260 bp (estimated 234 bp 
amplicons for males, and estimated 234 bp and 260 bp amplicons for females). Having 
aligned the PL/PR primer pair with Little Penguin genomic data in Geneious Prime 
2019.1.1, the species CHD1Z and CHD1W fragments were determined as 233 bp and 
249 bp in length, respectively.  
 
The PR primer sequence was 100 % identical to the CHD1Z and CHDIW fragments, 
however the PL primer sequence had two miss-aligning bases (90.5 % identical to the 
CHD1 gene target region) (Figure 5). Because two types of gel bands were consistently 
produced with estimated lengths similar to that of the CHD1Z and CHD1W fragments, 
and the CHD1 genetic sexing of adults returned the same sex results as beak depth 
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sexing, this study can confidently state the PL/PR primer pair replicated the desired 
CHD1 target region. This study can also state high confidence in the CHD1 genetic 
sexing technique’s accuracy as the seven replicates returned identical sex results.  
Figure 5: Sequence alignment of Little Penguin Gonzo isolate 9968 CHD1Z fragment, Little 
Penguin Gonzo isolate 99789 CHD1W fragment, and PL/PR primer pair. Numbers left and right 
of the DNA sequence indicate 5’ - 3’ bp length for primers, and for CHD1Z and CHD1W 
fragments they indicate 5’ - 3’ sequence position within their respective Gonzo isolate. * Position 
at which sequences share the same DNA nucleotide.  
 
As male birds are homogametic (ZZ) they produce a single band (at fragment size 233 
bp), whereas hemizygotic females (ZW) produce two bands (at fragment sizes 233 bp 
and 249 bp) (Figure 6). Of the 61 chicks tested only one chick could not be sexed, 
possibly because too little sample blood was available. This chick produced an 
extremely faint gel band during the DNA extraction confirmation stage, however, after 
repeated PCR attempts a strong enough gel band could not be produced to allow this 




Figure 6: Gel electrophoresis of CHD1Z and CHD1W fragments amplified by primer pair PL/PR. 
Lane 1-3: Little Penguin male. Lane 4-5: Little Penguin female. Lane 6: DNA negative. Lane 7: 
PCR negative. Lane 8: Phi 174 DNA-HaeIII ladder.   
 
4.1.2 Analysis of Sex-Ratio 
From here on, when stating a chick did or did not have a sibling and whether a chick 
was first-hatched or second-hatched, the study is referring the chick to its respective 
clutch. Of the 60 chicks successfully sexed, 44 had a sibling (Table 1). Of the other 16, 
12 were single chicks and the other 4 were siblings but it is unknown whether they were 
first-hatched or second-hatched because the sibling had died before sampling or not 
hatched. Of the 44 chicks which had a sibling and were known to be first-hatched or 
second-hatched, it was determined that the SR of first-hatched did not statistically differ 
from the SR of second-hatched (Z = 0, P = 1, N1 = 22, N2 = 22), hence neither sex was 
more likely to hatch first or second. Since gender is independent of hatch order, the 
Little Penguin gender data meet the assumptions of a binomial probability distribution 
function test (Figure 4).  
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Binomial tests were calculated for each year (2016, 2017, and 2018) and for the three 
year total study period for individual Island populations (i.e. Penguin Island populations 
and Garden Island populations) and for both populations combined (i.e. Shoalwater 
Islands), resulting in a total of seven binomial test conditions; five binomial test 
conditions were not calculated because a male and/or female cell contained less than 
five observations, hence the calculated P-value would unlikely be an accurate reflection 
of the true population SR (Table 3). The percentage of male chicks in the combined 
sample from both Islands for the entire three year sampling period was 41.7 % (Table 
3). The binomial probability indicates that this is significantly different from Fisherian 
(Table 3). No other Island or year conditions were statistically significant (P > 0.05) 
(Table 3). During the three year total study period, Penguin Island and Garden Island 
are both observed as female-biased (Table 3). While male biased, the 2018 Garden 
Island SR cannot be assessed via binomial because less than five females were sampled, 
therefore, one out of seven conditions were male biased (Table 3). Important to note is 
that there is a large variation in Little Penguin SR results; i.e. the percentage of male 
chicks varies from 20 % - 56.2 % for the Islands (Table 3). When excluding male and/or 
female cells that contain less than 5 observations the variation in Little Penguin SR 







Table 3: Sex-ratio of Little Penguins chicks on Penguin Island and Garden Island, Western 
Australia, from 2016 - 2018. ‘Both Islands (Shoalwater Islands)’ refers to combined results of 
Penguin Island and Garden Island. P-values are tested against an expected 50 % sex ratio by 
two-tail binomial tests. ** Male and/or female cell contains less than 5 observations, therefore, 




4.2 Little Penguin Chick Growth Rates 
4.2.1 Growth Rates Between Islands 
Using only those samples from chicks that were hatched in the same order, from the 
same year and of the same sex, the largest sample size for testing growth rate 
differences between Islands was six Penguin Island chicks (24 weight and foot length 
measurements), and three Garden Island chicks (14 weight and foot length 
measurements). The six Penguin Island chicks and the three Garden Island chicks were 
female first-hatched chicks (either single or had a sibling) from the first-clutch in 2018. 
As seen in Table 4, the weight parameter values appear to vary between Islands, 
especially parameter A (asymptotic weight value). However, weight growth rates were 
determined to be non-significant between Penguin Island and Garden Island (P = 
0.653), possibly because Penguin Island’s Little Penguin weight values are highly 
variable compared to those of Garden Island; reflected in the respective parameters R2 
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value (Table 4). When visually examining the foot length parameter values, they appear 
to be similar between Islands; however, the ANOVA test revealed parameters are highly 
significant between Penguin Island and Garden Island (P = 0.009) (Table 4). Because 
foot length growth rates are highly significant between Islands, the conclusion was that 
growth rates differed between Penguin Island and Garden Island for female first-
hatched Little Penguin chicks from 2018. Given Garden Island has a smaller sample 
size, only Penguin Island measurements were included in the comparison between male 
and female Little Penguin growth rates.  
 
Table 4: One-way ANOVA of residual sum of squares obtained from fitting the logistic growth 
curve to Little Penguin chick data from Penguin Island and Garden Island, Western Australia, 
using best-fitting parameters and opposing Island parameters; d.f. 36. Little Penguin data are 
female first-hatched chicks from the first-clutch in 2018.  
A, B, K: logistic growth curve parameters (A: asymptotic weight/foot length value, B: biological 
constant; K growth rate). 
 
 
4.2.2 Growth Rates Between Years 
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Using only those samples from chicks that were hatched in the same order, from the 
same Island, and of the same sex, the largest Little Penguin sample size for testing 
annual differences in growth rates was two (12 weight and foot length measurements) 
for 2016, four (18 weight and foot length measurements) for 2017, and six (24 weight 
and foot length measurements) for 2018. The two 2016 chicks, four 2017 chicks, and 
six 2018 chicks were female first-hatched (either single or had a sibling) Little Penguin 
chicks from the first-clutch on Penguin Island. In model 1 (the model which does not 
control any parameters in the logistic growth) the parameter values for weight are not as 
uniform between years as they are for foot length (Table 5).  
 
Table 5: Model 1 logistic growth curve parameters for Little Penguin chicks at Penguin Island, 
Western Australia, from 2016 to 2018. Little Penguin data are female first-hatched chicks from 
the first-clutch; d.f. 52. 
 
 
In model 2 (the model which controls the logistic growth parameter B), the weight 
parameter values are highly variable among years (Table 6). However, the residual sum 
of squares is not statistically different between weight models 1 and 2 (P = 0.637) 
(Table 6). The parameters for foot length appear very similar on an annual basis (Table 
6). Statistical comparison of foot length models 1 and 2 indicated a highly insignificant 
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result (P = 0.994) (Table 6). Controlling for parameter B has a very limited effect on the 
R2 value between models 1 and 2 (Table 5 and 6).  
 
Table 6: Model 2 logistic growth curve parameters for Little Penguin chicks at Penguin Island, 
Western Australia, from 2016 to 2018. Little Penguin data are female first-hatched chicks from 
the first-clutch. The F-values (d.f. 52) refer to comparisons with Model 1.  
 
 
Controlling for both logistic growth curve parameters A and B (model 3) greatly 
reduced the R2 weight value for female first-hatched Little Penguin chicks from the 
first-clutch on Penguin Island (Table 6 and 7). This suggests the 2016 logistic growth 
curve for weight isn’t highly flexible, which is expected given it is based on 
measurements from two Little Penguins (Table 7). Regardless of the 2016 weight 
residual sum of squares reduction in model 3, when comparing Little Penguin chick 
weight in model 3 to model 1 and 2 the result is not-significant (P = 0.339, P = 0.736, 
respectively) indicating the variable does not vary between years (Table 7). When 
observing foot length in models 2 and 3, parameter K and the R2 values only slightly 
differ, which is a good indication growth rates of female first-hatched chicks from the 
first-clutch on Penguin Island don’t differ between years (Table 6 and 7). When 
comparing Little Penguin foot length in model 3 to model 1 and 2 the result is non-
significant (P = 0.267, P = 0.266, respectively) indicating the variable does not vary 
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between years for female first-hatched Little Penguin chicks from the first-clutch on 
Penguin Island (Table 7). Therefore, data from 2016, 2017, and 2018 were included in 
the statistical comparison of male and female growth rates. 
 
Table 7: Model 3 logistic growth curve parameters for Little Penguin chicks at Penguin Island, 
Western Australia, from 2016 to 2018. Little Penguin data are female first-hatched chicks from 
the first-clutch. The F-values (d.f. 52) refer to comparisons with Model 1 and 2. 
 
 
4.2.3 Male and Female Growth Rates 
When controlling for chick hatch order and Island, the largest sample size is twelve 
first-hatched (either single or had a sibling) male chicks (70 measurements on weight 
and foot length) and ten first-hatched (either single or had a sibling) female chicks (56 
measurements on weight and foot length) from Penguin Island. While a male sample 
size of twelve and female sample size of ten is still low, the benefit of examining 
growth curves at the parameter level made it worth switching to parameter confidence 
interval method for the statistical comparison of Little Penguin male and female growth 
curves; a sample size of 30 is not essential but recommended (Hazra, A. 2017; Swift et 
al., 2014).  
The only parameter to be statistically significant between Penguin Island first-hatched 
male and female Little Penguin chick growth curves was the weight asymptote (Table 
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8); which inevitably also corresponded to a large gender weight value difference at the 
‘weight at inflection point’ (A*0.5 (Sariyel et al., 2017; Juarez-Caratachea et al., 2019)). 
In the raw data, however, there were female weight measurements that were within the 
male weight asymptote 95 % confidence interval (when controlling for hatch order and 
Island), and vice versa. The mean male foot length asymptotic (parameter A) value fell 
within 0.270 mm of the female foot length asymptotic 95 % confidence interval (Table 
8). The mean male foot length growth rate (parameter K) value fell within 0.004 of the 
female foot length growth rate 95 % confidence interval (Table 8). The marginal foot 
length growth rate difference corresponded to a small gender ‘age at inflection point’ (- 
ln (1/B)/K (Sariyel et al., 2017; Juarez-Caratachea et al., 2019)) difference of 0.368 days 
(Table 8). It appears weight and foot length growth rates don’t significantly differ 
between male and female Little Penguins, however, males do achieve a higher weight 








Table 8: Logistic growth curve parameters for first-hatched male and female Little Penguin chick 
growth variables, sampled from Penguin Island, Western Australia, for the years 2016, 2017, 
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and 2018 (mean ± standard errors). *** No parameter overlap with the male or female 95 % 
confidence interval; significant result. 
  
A, B, K: model parameters (A: asymptotic weight/foot length value; B: biological constant; K 





Figure 7: Male and female Little Penguin growth rates for Penguin Island, Western Australia; 




Chapter Five - Discussion 
5.1 Results within the Context of the Study’s Aims 
This study had five key aims. The first was to determine what the expected SR would be 
for Little Penguins. Covered in the Literature Review chapter, the expected SR for Little 
Penguins was Fisherian.  
 
The second aim was to determine sex in Little Penguin chicks via the CHD1 bird sexing 
technique. Using primer pair PL/PR, designed by Zhang et al. (2013), this study was the 
first to determine sex in Little Penguin chicks.  
 
The third aim was to determine the population SR for Little Penguins on Penguin Island 
and Garden Island. The population SR on Penguin Island and Garden Island, from 2016 
- 2018, was female biased by marginal significance (P = 0.092 and P = 0.096 
respectively), however when both Island results were combined the result was a 
statistically significant female bias (P = 0.045) (Table 3). Since the sample sizes were 
very small for Penguin Island and Garden Island (41 and 19 respectively), it is possible 
that a larger sample size could have revealed Penguin Island and Garden Island as 
female biased by statistical significance. Therefore, the Discussion chapter will examine 
whether or not the combined Little Penguin Island population SR result is an applicable 
representation of individual island population SRs and, hence, conclude female bias by 
statistical significance.  
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The fourth aim was to determine if Little Penguin body weight and foot length growth 
rates differed between male and female chicks. Able to determine the gender of chicks, 
this study was the first to compare male and female Little Penguin chick growth rates. 
The biological constant (B) and growth rate constant (K) for weight and foot length did 
not differ significantly between male and female chicks (Table 8). However, while 
Little Penguin male and female foot length asymptote constants (A) were not 
significantly different, the male weight asymptote constant (µ = 1256.615, SE ± 58.706) 
was significantly greater than the female weight asymptote constant (µ = 1033.811, SE 
± 43.873) (Table 8). This was an important find because, assuming the larger sex 
requires more energy, unequal net costs associated with raising either offspring can 
result in populations exhibiting non-Fisherian (Hardy, 2002). Having assumed raising a 
male or female Little Penguin chick as equal, the Discussion chapter covers what impact 
this find has on the study; in particular the fifth aim. 
 
The fifth aim was to examine whether the expected Little Penguin population SR for 
Penguin Island and Garden Island matched what was observed. Knowing the expected 
SR and observed SR did not match, this study’s simple design should make it easy to 







5.2 Genetic Sexing 
5.2.1 Genetic Sexing of Little Penguins via PL/PR Primer Pair 
As indicated in Figure 5, the PL primer had two bases that did not align with the 
CHD1Z gene sequence and the CHD1W gene sequence of Little Penguins. Regardless, 
primer pair PL/PR was robust enough to replicate the CHD1Z and CHD1W genes of 
Little Penguins and, hence, determine gender.  
 
The applicability of primer pair PL/PR to penguin species has so far been universal 
(Mori, et al., 2020; Loureiro et al., 2014; Zhang et al. 2013), with no know studies 
recording an inability for the primer pair to replicate CHD1 genes of penguin species. 
This study can add Little Penguins to the PL/PR primer pair’s capabilities; however, it 
must be noted that it was only tested on the Australian-Otago subspecies and none of 
the other Little Penguin subspecies.  
 
The study’s success in regards to sexing Little Penguins using primer pair PL/PR 
(Figure 6) possibly relates to relatively low stringency PCR conditions. Typically, PCR 
Mg2+ concentrations are between 1.5 - 2.0 mM (Lorenz, 2012), however for this study’s 
PCR reaction mixture the Mg2+ concentration was much higher at 10 mM; a condition 
that aids in the binding of non-specific primers (Lorenz, 2012). The lowest primer Tm 
was 68.8 0C which would suggest an annealing temperature of around 63.8 0C (Tm 
minus 5 0C), however the annealing temperature used was 50 0C which is well below 
the suggested temperature of 63.8 0C, and is generally very low for an annealing 
temperature (Lorenz, 2012). A very low annealing temperature also aids in the binding 
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of non-specific primers (Lorenz, 2012). Therefore, non-specific primer binding PCR 
conditions (created as a result of high Mg2+ concentration and a low annealing 
temperature) could explain how the PL/PR primer pair replicated the target region 
within the CHD1Z and CHD1W genes of Little Penguins.  
 
While the PL/PR primer pair, designed by Zhang et al (2013), and PCR conditions 
detailed above provide reliable amplification (i.e. amplified only the desired CHD1 
genes and not any undesired genes), the frequency of failed PCR runs (i.e. no 
amplification of the CHD1 genes was visible) was high. Therefore, it is suggested that 
future studies specifically aiming to sex Little Penguins via the CHD1 genetic sexing 
technique modify the PL primer to 5’ CCCAAGGATGAGAAACTGTGC 3’. Then 
when using the modified PL/PR primer pair on Little Penguins, develop PCR conditions 
that are primer specific. It is possible that these suggestions will maintain reliable 
amplification and reduce the frequency of failed PCR runs. 
 
5.2.2 Future Genetic Sexing of Birds 
The capacity to molecularly identify sex is fundamental in bird ecology research, as 
over 50 % of bird species cannot be sexed by phenotype (75 % - 80 % when considering 
juveniles) (Mori, et al., 2020); in particular seabirds, such as albatrosses, petrels, and 
penguins (Loureiro et al., 2014). Prior to molecular sex identification of birds, species 
were often sexed based on autopsies or via intrusive internal examinations of the cloaca 
which is 60 % - 95 % successful (dependent on the examiner’s level of experience) 
(Cerit, 2007). Thus, molecular identification of sex is currently the method of choice in 
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sexually monomorphic bird species (Mori, et al., 2020; Nzelu et al., 2019). However, 
this method is not without its limitations (Nzelu et al., 2019). Due to requirements such 
as trained staff, purified samples, time, equipment, and optimisation, the technique is 
considered highly inefficient (Nzelu et al., 2019). PCR requirements also don’t make 
the method ideal for field-use (Nzelu et al., 2019).  
 
Other methods of sexing do exist (such as karyotyping and sexual steroid hormones), 
but they too have their own set of strengths and weaknesses. Karyotyping requires fresh 
cultured cells (often from feather or blood samples), which is often a difficult and time-
consuming process (Cerit, 2007). The technique also requires experience delineating the 
W chromosomes from similar sized auto chromosomes (Cerit, 2007). One method with 
potential is to sex birds via sexual steroid hormones (androgens, estrogens, 
progestogens, etc.) deposited within faecal matter, as concentrations and amounts differ 
between sexes (Bautista et al., 2013). Recent work on Great Bustards (Otis tarda) found 
higher levels of testosterone relative to estradiol in male faeces, and vice versa (Bautista 
et al., 2013). However, depending on factors such as age, breeding status, stage in the 
reproductive cycle, etc, some females were found to have higher testosterone levels 
relative to estradiol and, hence would be wrongly classified as male; highlighting the 
issue of ‘hormonal fluctuation’ (Bautista et al., 2013). The feasibility of sexing birds via 
sexual steroid hormones also largely depends on the target species behaviour (Bautista 
et al., 2013); for example, Little Penguins deposit their waste in close proximity of other 
neighbouring burrows (Chiaradia, 1999), therefore the ability to attribute faecal matter 




The ideal bird sexing technique would be easy to perform, highly sensitive, and 
applicable for field-use. An adaption of a COVID-19 testing technique could provide 
such a technique. The COVID-19 pandemic brought about a need for an at-home, easily 
conducted, and highly sensitive form of diagnostic (El-Tholoth et al., 2020). The single-
stage LAMP (Loop Mediated Isothermal Amplification) performs on par with the 
conventionally used PCR, providing similar sensitivity (El-Tholoth et al., 2020). 
However, LAMP samples were required only to be stored in water above 63 0C, 
attracting a strong potential for field-use (El-Tholoth et al., 2020).  
 
Improving upon LAMP, Penn-RAMP consists of two isothermal amplification 
processes: Recombinase Polymerase Amplification (RPA) at 38 0C for 15 - 20 minutes 
and LAMP at 63 0C for 15 - 60 minutes (El-Tholoth et al., 2020). While the requirement 
of two temperatures reduces Penn-RAMP’s field-use applicability, it does result in 
higher sensitivity (El-Tholoth et al., 2020). With minimally prepared samples, PCR and 
LAMP would begin to provide 100% sensitivity at 700 viral particles per reaction, 
whereas Penn-RAMP would begin to provide 100% sensitivity at 7 viral particles per 
reaction; 100-fold better sensitivity (El-Tholoth et al., 2020). With prepared samples, 
PCR and LAMP would begin to provide 100% sensitivity at 70 viral particles per 
reaction, whereas Penn-RAMP would again begin to provide 100% sensitivity at 7 viral 
particles per reaction; 10-fold better sensitivity (El-Tholoth et al., 2020). Knowing this 
and that all reagents can be stored in dry form (providing long refrigeration-free shelf 
life) (El-Tholoth et al., 2020), Penn-RAMP could provide an easy, sensitive, and field-




The entire Penn-RAMP procedure is carried out within a single tube, such that the RPA 
process is carried out in the cap of a tube and then blended with the LAMP mixture in 
the tube itself (El-Tholoth et al., 2020). To determine if DNA replication occurred (i.e. 
the test was positive), the LAMP mixture consists of a visual DNA detection agent such 
as leuco crystal violet (LCV) (El-Tholoth et al., 2020). Therefore, for Penn-RAMP to 
sex birds, a primer pair would have to be designed to replicate a region explicitly unique 
to the W chromosome so that positive cases of DNA replication would indicate female, 
and negative cases of DNA replication would indicate male; this means the CHD1 gene 
can’t be used because it is on both the Z and W chromosomes. A potential target region 
for Penn-RAMP bird sexing could be present in the W chromosome locus NVH fp 102. 
Nesje & Roed (2000) sexed all five of their falcon species using the same technique as 
described in this paper, but instead of using the CHD1 gene, they used locus NVH fp 
102 which would produce a single band for female identification and no band for male 
identification. As mentioned by Nesje & Roed (2000), when sexing of males requires a 
negative result, some females can be wrongly classified as males due to procedure 
failure or by the absence of a control. It is unlikely this will be an issue for Penn-RAMP 
given the method’s simplicity and high sensitivity (El-Tholoth et al., 2020). Another 
drawback, however, is that Penn-RAMP requires six primers recognising eight distinct 
sites of the target sequence; two inner and outer primers recognising six distinct regions 
within the target DNA, and two loop primers to accelerate amplification and increase 
detection efficiency (Nzelu et al., 2019). This requirement severely constrains target 
region selection (Nzelu et al., 2019). 
 
5.3 Observed Population Sex-Ratio on Penguin Island and Garden Island 
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The third aim of this study was to determine the observed SR of Little Penguin 
populations on Penguin Island and Garden Island. The SR of Little Penguin populations 
on Penguin Island and Garden Island did not significantly differ from parity (Table 3). 
However, when combining Penguin Island and Garden Island Little Penguin SR data, to 
increase statistical power, the combined samples showed a statistically significant 
female bias (Shoalwater Islands) (Table 3). Therefore, before concluding the SR of 
Little Penguin populations on Penguin Island and Garden Island to be marginally 
different from parity, it is worth investigating whether both Island SR results can be 
considered as a single population, and hence, conclude female bias by statistical 
significance.  
 
Defining a population is generally an arbitrary task (Jonckers, 1973). However, three 
important criteria can be used to assess if individuals belong to the same population; (1) 
they have the capacity to interbreed, (2) they share the same resources, and (3) they 
experience similar environmental conditions (Jonckers, 1973). Given Little Penguins 
can immigrate over 1,000 km (Vardeh, 2015), Little Penguin foraging grounds are 
within 20 km of each Island (Wiebkin, 2012), and that Penguin Island and Garden 
Island lie within 8 km of each other (Vardeh, 2015), it is possible individuals of these 
Islands meet the criteria for a single population. However, Garden Island’s Little 
Penguin population appears less affected by a higher sea surface temperature (SST) 
(Geo Oceans, 2015). It is not clear why a higher SST has less of an effect on the Garden 
Island Little Penguin population (Geo Oceans, 2015), but if related to food availability 
it could suggest the Island populations do not share the same resources (i.e. they have 
separate feeding grounds). A study by Cannell (2017) found Little Penguins nesting on 
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Penguin Island shared separate feeding grounds, such that those nested on the north-east 
of the Island foraged northward while those nested elsewhere on the Island foraged 
southward. Therefore, if feeding grounds already vary within Penguin Island’s 
population, it would seem unlikely that resource sites are shared between both Little 
Penguin Island populations. The significant difference in growth rates between Penguin 
Island and Garden Island (Table 4) is also supportive of the separate feeding grounds 
idea, as greater food availability should fuel faster growth rates and vice versa. Also, 
Little Penguin burrows on Garden Island are cooler than those on Penguin Island due to 
habitat and nest-site differences (Geo Oceans, 2015), suggesting possible differences in 
environmental conditions (on a localised scale) between the Islands.      
 
Perhaps more important than attempting to define a population is to examine whether 
the Little Penguin SR on Penguin Island could differ from that on Garden Island. Three 
aspects determine bird and mammal SR; sex-biased mortality, sex-specific behaviour, 
and sex manipulation (Ancona et al., 2017; Morrison et al., 2016; Gownaris et al., 
2019). Assuming Little Penguins can adjust brood SR, the most beneficial population 
SR for Little Penguins would be Fisherian (see Literature Review). However, sex 
manipulation is not always adaptive (Hardy, 2002). Because Garden Island hosts a 
population of 25 - 600 Little Penguins (Vardeh, 2015; Geo Oceans, 2015), it is possible 
for this small population to evolve non-adaptive sex manipulation mechanisms via 
genetic drift (Santos et al., 2012; Runemark et al., 2010). Genetic drift could also purge 
certain alleles from within the population, hence Garden Island’s Little Penguin 
population could also lose adaptive sex manipulation mechanisms (Santos et al., 2012; 
Hilfiker et al., 2004). Also, small populations with little or no immigration or 
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emigration eventually experience inbreeding resulting in the spread of deleterious 
alleles and a reduction in genetic diversity (Venables & Brooke, 2015). Therefore, it 
appears the ability for individuals to adjust brood SR, via sex manipulation genes, could 
differ between either Island because of Garden Island’s small Little Penguin population.  
 
However, the effects of genetic drift and inbreeding on Garden Island’s Little Penguin 
population could be limited if there is a small but continuous gene-flow between 
islands, as found for south-eastern Australia colonies by Overeem et al. (2008). A study 
by Townsend et al. (2003) found small populations of Northern Bobwhites (Colinus 
virginianus) at high risk of demographic collapse (due to genetic drift and inbreeding) 
evaded this outcome by ‘dispersal rescue’. Northern Bobwhites from neighbouring 
populations would immigrate to these at-risk populations and incorporate their ‘good genes’ 
into them (Townsend et al., 2003). Unfit Northern Bobwhites would presumably consist of 
‘bad genes’ and be unable to immigrate to populations at risk of demographic collapse 
(Townsend et al., 2003). Therefore, the consistent flow of ‘good genes’ could then 
counteract the negative effects a small population has on its respective gene pool (Townsend 
et al., 2003). Assuming there is a small but continuous gene-flow into Garden Island (from 
neighbouring colonies such as from Penguin Island or Carnac Island), it is reasonable to 
assume only fit juveniles, or at the very least a higher proportion of fit juveniles to unfit 
juveniles, would be incorporating their genes in Garden Island’s Little Penguin population 
because of the high juvenile mortality rate experienced by Little Penguins when spent 




If it is assumed Little Penguins do not possess the capacity to adjust brood SR, the 
population’s SR is determined by sex-biased mortality and sex-specific behaviour 
(Morrison et al., 2016). It is known these two aspects are equal in Little Penguins 
(Reilly & Cullen, 1979; Chiaradia, 1999), hence, the expected demographic SR for the 
species is Fisherian. However, this expectation is more likely an accurate reflection at 
the species level rather than the population level. It may be possible that under certain 
localised conditions Little Penguin Island populations could temporarily share different 
demographic SRs. For example, Little Penguins don’t always provide equal care when 
raising their offspring, in fact, their level of care is individualised and remains 
consistent (Saraux et al., 2011). Therefore, if an island were to host a greater proportion 
of careless males or females by chance, the mortality rate of the caring sex could 
increase as more of its energy is spent raising offspring rather than spent maintaining its 
own condition (Saraux et al., 2011). Unfortunately, there appear to be no studies 
addressing what effect individualised Little Penguin care has on demographics, hence 
the potential for the described situation to arise remains unknown.  
 
Overall, it appears Penguin Island and Garden Island are more suitably classified as 
separate populations by definition because there is a possibility the two Island 
populations don’t always share the same resources, and they experience dissimilar local 
environmental conditions. Looking beyond a population definition, Garden Island’s 
small Little Penguin population could make the colony susceptible to non-adaptive sex 
manipulation (Santos et al., 2012; Hilfiker et al., 2004), and hence, the colony could 
evolve a different population SR to Penguin Island’s colony; assuming the populations 
have the capacity to adjust brood SR. Alternatively, if it is assumed Little Penguins 
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can’t adjust brood SR, there may be a possibility that colonies could share different 
demographic SRs. For these three reasons (not meeting the population definition 
criteria, possessing the ability to evolve separate sex manipulation genes, and the 
possibility of exhibiting different demographic SRs), it would be most appropriate to 
observe the population SR on Penguin Island and Garden Island as separate. Therefore, 
it is concluded the observed Little Penguin population SRs on Penguin Island and 




5.4 Comparison of Expected and Observed Population Sex-Ratio 
5.4.1 Male and Female Chick Growth Rates Assumption 
As established in the Literature Review, Little Penguins should be Fisherian whether 
they have the capacity to adaptively manipulate sex or not. However, the observed 
marginally significant female biased population results for Penguin Island and Garden 
Island do not match this expectation (Table 3). The male and female growth rate data 
could explain why the expected SR was not observed because differing growth rates 
between genders provides reason to adopt a non-Fisherian population (Hardy, 2002). 
 
As indicated in Table 8 and Figure 7, the growth rates for Penguin Island male and 
female first-hatched Little Penguin chicks were similar, however males achieved a 
higher asymptote weight value (roughly 1.2 times greater than the female asymptotic 
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weight value); a result that is reflected in the literature (Borboroglu & Boersma, 2013; 
Klomp & Wooller, 1988). Given male and female Little Penguins achieved their 
asymptotic value around five weeks of age (Figure 7), and chicks don’t become 
independent until eight to eleven weeks of age (Chiaradia, 1999), there’s potentially a 
greater net cost associated with raising male offspring; assuming a greater asymptotic 
value requires more resources. This means the assumption of ‘equal net costs associated 
with raising either offspring sex’ for Little Penguins is potentially false, and hence, the 
study was wrong to predict Fisherian under Fisher’s Hypotheses (Fisher’s Hypothesis 
(FH) and the Homeostasis Hypothesis (HH)) (Voordouw, 2005; Hamilton, 1967). 
Quantifying net costs associated with raising either male or female offspring is an 
extremely difficult task because it encompasses many more factors other than just 
weight and foot length (Hardy, 2002), therefore the assumption is only potentially false.  
 
If costs associated with raising male offspring are greater than those of raising female 
offspring, FH and the HH predict a female biased population will exist because males 
offset their initial costs with a higher reproductive output in the future (Kahn et al., 
2015; Hamilton, 1967). Given Little Penguins are considered monogamous, males 
offset their initial costs with a higher prospect of obtaining a mate, which is 100% for 
males and ((male No/female No)*100) for females (Birkhead & Moller, 1992).  
 
Therefore, a potential reason why the expected SR does not match the observed SR for 
Little Penguin populations is that the study’s prediction was based on an incorrect 
assumption. Unaware costs associated with raising male offspring could be higher than 
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those associated with raising female offspring, the study assumed equal costs associated 
with raising either offspring sex, and hence predicted Little Penguin populations to be 
Fisherian.  
 
Additionally, the assumption of ‘equal net costs associated with raising either offspring 
sex’ meant the CoRH (Cost of Reproduction Hypothesis) and the ISOH (Intrabrood 
Sharing-Out Hypothesis) should not be active within Little Penguins. However, given 
the study’s assumption appears incorrect (i.e. males appear more costly to raise) the 
CoRH and the ISOH may have influenced the Little Penguin SR for Penguin Island and 
Garden Island.  
 
The CoRH is unlikely to have affected the Little Penguin population SR because it 
influences brood SR of immature breeding pairs only (Myers, 1978). Hence, mature 
breeding pairs can capitalise on the reproductive fitness advantage had when producing 
the rarer sex (Ferrer et al., 2009), therefore resulting in the population expressing 
Fisherian as predicted by Fisher’s Hypotheses (Hardy, 2002). However, if the Little 
Penguin populations were to be immature (consisted of a high proportion of 
inexperienced and/or young breeder aged adults) an overproduction of female offspring 
could occur, resulting in the existence of a non-evolutionary stable female biased 
population (Myers, 1978; Ferrer et al., 2009). Unfortunately, this study could not attain 
reliable data on breeders’ age, and it appears no other studies have done so either for 




Often an immature population arises when the population becomes stressed from 
external factors (such as habitat decline, disease, drought, etc.) (Skalski et al., 2005; 
Ferrer et al., 2009). This is because external stress factors make it harder to raise the 
more costly sex (Skalski et al., 2005; Ferrer et al., 2009). Possibly the greatest external 
stress factors on Penguin Island and Garden Island Little Penguin populations are 
increasing SSTs and La Nina events (La Nina events strengthen the Leeuwin Current 
such that warm tropical waters extend further south along the West Australian coast) 
because the warmer waters they induce limit prey availability due to reduced 
productivity at lower trophic levels and/or the movement of forage fish elsewhere (Dann 
& Chambers, 2013). Limitations on prey availability, due to warmer waters, have already 
been recorded reducing Little Penguin breeding success (breeding success defined as 
the number of chicks produced per pair, number of eggs that hatch, and chick mass at 
fledging) on Penguin Island and Garden Island (Cannell et al., 2012). This is because 
parents return with smaller meals and/or return less frequently to feed their chicks 
(Cannell et al., 2012). Therefore, it may be possible for the CoRH to skew Little 
Penguin population SR towards female biased on Penguin Island and Garden Island if 
the surrounding waters warm enough to register most breeder age adults as ‘immature’ 
(i.e. they lack the hunting experience to raise the costlier male sex in a resource limited-
environment). 
 
Given the ISOH predicts mothers will alter brood sex composition to limit hatchling 
loss to siblicide (Carranza, 2004), this study can determine whether Little Penguins 
practice brood sex manipulation to reduce siblicide by examining the frequency of 
brood sex compositions. Because first-hatched males have age, sex (Chiaradia, 1999), 
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and weight dominance (Borboroglu & Boersma, 2013; Klomp & Wooller, 1988), the 
ISOH would predict the absence of the male first-hatched and female second-hatched 
brood sex composition (M:F) in Little Penguins. Given the most conflict-prone brood 
sex composition (M:F) was recorded five times, and it is more frequently occurring than 
the male first-hatched and male second hatched brood sex composition (M:M), it 
appears the ISOH is not active within Little Penguins; M:F, M:M, F:M and F:F 
frequencies were five, three, six, and eight, respectively. 
 
5.4.2 Limiting the Number of Assumptions  
Falsification of an assumption is an important answer to why expected and observed 
SRs misalign (Skalski et al., 2005). Not only is the assumption on ‘equal net costs 
associated with raising either offspring sex’ potentially false, but also Fisher’s 
Hypotheses assumption of a large population due to Garden Island’s small Little 
Penguin population (Hardy, 2002; Hamilton, 1967). As covered, a small population is 
susceptible to genetic drift and inbreeding (Santos et al., 2012; Venables & Brooke, 
2015), which are concepts not addressed in Fisher’s Hypotheses (Hardy, 2002). It 
remains unknown whether the study’s other two key assumptions remain true; (1) 
genetic conflict between nuclear genes and cytoplasmic elements is absent within Little 
Penguins, and (2) there is no Little Penguin philopatric sex. However, if false they too 
could result in an inaccurate prediction on the expected SR for Little Penguins; and 
hence, misalignment between expected and observed SRs (Skalski et al., 2005). 
Therefore, this study recommends that the number of assumptions made, as part of a 
study into SR, ideally be none. This recommendation is partially an extension of the 
requirement to know the target species life history in intricate detail because such 
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knowledge allows researchers to limit the number of assumptions (Hardy, 2002). 
However, not all assumptions are answered via intricate life history detail of the target 
species (Hardy, 2002; Skalski et al., 2005). 
5.4.3 Aspects Outside of Sex Manipulation Hypotheses Influencing Sex Ratio  
As presented in the Literature Review chapter, a suite of birds and mammals appear to 
demonstrate brood sex manipulation. However, also presented were many bird and 
mammal examples in which SR adjustment was expected, under sex manipulation 
hypotheses, but not observed. This could suggest there is a variety of other aspects 
influencing SR that are not considered within the current ten sex manipulation 
hypotheses (Hardy, 2002), therefore this idea is worth exploring as it could explain why 
it is so difficult to identify any broad patterns in primary SR adjustment for birds and 
mammals (West et al., 2002).  
 
Primary (SR at the time of conception (Warade et al., 2014)), secondary (SR at birth 
(Warade et al., 2014)), and tertiary (SR of reproductively mature organisms (Warade et 
al., 2014)) SR levels are rarely discussed in this study. This is because Little Penguin 
chicks were sexed four or more weeks after hatching, and therefore the study does not 
accurately reflect any of the three levels (Warade et al., 2014). Fortunately, the absence 
of sex-biased mortality and sex-specific behaviour meant it was reasonable to assume 
the SR attained in this study was a fair representation of the secondary and tertiary SR 
(Warade et al., 2014). However, it is unknown what the primary SR is for Little 
Penguins nesting at Penguin Island and Garden Island. The absence of this knowledge is 
a major drawback to this study because the primary SR is the true result of brood SR 
84 
 
manipulation (Warade et al., 2014; West et al., 2002; Ewen et al., 2004). The true brood 
sex manipulation result can then later be masked by sex-biased mortality in the womb 
(Ewen et al., 2004; (Arnold et al., 2003). Without knowing if sex-biased mortality in the 
womb takes place, this study cannot report on the capacity for Little Penguins to adjust 
brood SR, and hence, only the population SR is reported (the SR after birth). 
Unfortunately, many SR studies attain the secondary SR and incorrectly report it as the 
brood sex manipulation result without knowing if sex-biased mortality in the womb 
takes place for their target species (Ewen et al., 2004; Arnold et al., 2003). The 
inaccurate use of primary, secondary, or tertiary SR is one of many human-induced 
errors (Ewen et al., 2004; Hardy, 2002).  
 
The aspect of human-induced error has been addressed throughout this study (in forms 
such as small sample size (a major human-induced error within this study), sex biased 
sampling, inaccurate mathematical models, and limited knowledge of the target species) 
because it can readily distort the perceived expected and observed SR results for a 
species (Hardy, 2002). Therefore, human-induced errors are a major aspect contributing 
to the difficultly associated with identifying any broad patterns in primary SR 
adjustment for birds and mammals (Hardy, 2002; West et al., 2002).    
 
A concept crucial for the identification of broad patterns in primary SR adjustment for 
birds and mammals, which is not expressed in any sex manipulation hypothesis, is SR 
constraints (Hardy, 2002). Birds and mammals that don’t exhibit sex manipulation, i.e. 
can’t adjust brood SR, are presumably constrained to do so by chromosomal sex 
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determination, random meiosis, and the heavy reproductive fitness cost associated with 
sacrificing embryos and offspring (West & Sheldon, 2002; West et al., 2002). 
Unfortunately, little work has been done on SR constraints explaining why, when, and 
to what extent they limit brood SR adjustment (West et al., 2002).   
 
Previous work by West & Sheldon (2002) suggested species can exhibit multiple 
constraints, and as they accumulate more constraints the limitations on SR adjustment 
become greater. However, constraints can also induce brood SR adjustment; for 
example, for the Black-headed Gull (Larus ridibundus) yolk antioxidant and 
immunoglobulin levels decrease over the laying order, therefore the mother 
compensates against this fixed constraint by increasing testosterone levels in later-
hatched Black-headed Gulls allowing these immuno-compromised chicks to physically 
compete against older siblings (Groothuis et al., 2006). As covered in the Literature 
Review, higher testosterone levels in mothers is a known mechanism used to increase 
the chances of having male offspring (Cameron et al., 2017). Therefore, the most 
conflict-prone brood sex composition (which is determined as M:F because the male 
first-hatched has age, sex, and weight dominance) for Black-headed Gulls was present 
at a reduced frequency, and hence, allowed the species to increase its reproductive 
output as fewer chicks would be lost to siblicide (Groothuis et al., 2006). Black-headed 
Gulls certainly demonstrate how little is understood in regards to SR constraints.   
 
A study by Kus et al. (2017) found a declining population (40 down to 5 adults within a 
time period of 15 years) of Southwestern Willow Flycatcher (Empidonax 
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traillii extimus), that had become female biased, was saved from extinction because the 
few remaining individuals of that population began practicing polygamy; having all 
before practiced monogamy as described for the species. This could be an example of a 
species constrained to adjust brood SR, explaining why the species began to practice 
polygamy. However, small populations can lose the ability to adjust brood SR (Santos 
et al., 2012; Hilfiker et al., 2004), and therefore, a possible alternative is the 
Southwestern Willow Flycatcher population may have lost its capacity to adjust brood 
SR. Another interesting conclusion that could be applied to the Southwestern Willow 
Flycatcher is that brood SR adjustment is a lagged process, such that a SR response 
takes years to respond to any form of change (West et al., 2002); i.e. the 15 year time 
period was not enough for the species to respond to a female biased population. 
 
This study could support the idea of a lagged process. Knowing the SST around 
Penguin Island and Garden Island was cooler than average in 2016 (NOAA, 2021), the 
year can be classified as ‘good condition’ for Little Penguins raising young on either 
Island (Chiaradia & Nisbet, 2006). For 2017 and 2018 the SST around Penguin Island 
and Garden Island was average (NOAA, 2021). For the years prior to 2016, Penguin 
Island and Garden Island experienced abnormally higher than average SSTs (NOAA, 
2021), therefore Little Penguins raising young on either Island during those years can be 
said to have experienced ‘bad conditions’ (Chiaradia & Nisbet, 2006). Assuming males 
are more costly to raise and that SR adjustment is a lagged process, the expectation is 
Little Penguin parents would continue to bias production of female offspring for an 
unknown period of time after 2016. Therefore, the study’s marginally female biased 
population could be explained by a lagged response from ‘bad conditions’ experienced 
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prior to 2016. Unfortunately, there is no data on Little Penguin lagged SR adjustment to 
support this scenario, therefore it would be a highly speculative conclusion. 
Acknowledging brood SR adjustment as a lagged process is a concept not readily 
addressed among SR studies (Hardy, 2002). It is also an area that has received little 
work as it requires data over a long time period (West et al., 2002).       
 
To further complicate adaptive SRs, there are possibly other aspects that remain 
unknown to researchers which influence what the most adaptive population SR is for a 
species (Hardy, 2002). A study by Sherley (1994) determined the Kaikoura population 
SR for New Zealand Rifleman (Acanthisitta chloris) to be male biased for 1981 - 1982, 
which matched their prediction because males cost less to raise and repay some of their 
cost by helping their parents raise future offspring. However, all other study periods, 
1980 - 1981, 1983 - 1985 (Sherley, 1994), 2008 - 2011, and 2012 - 2015 (Khwaja et al., 
2018) determined the New Zealand Rifleman Kaikoura population SR to not differ 
significantly from parity. Khwaja et al. (2018) suggested there may be such a thing as 
cryptic fitness benefits (benefits that aren’t immediately obvious but become so after a 
long time period), which would imply bird and mammal brood SR adjustment is a 
precise process that balances both short-term and long-term reproductive benefits. 
Inevitably, there is also a range of other possibilities that could explain the New Zealand 
Rifleman Kaikoura population, most notably a small population (Sherley, 1994; Khwaja 




Determining the expected SR for a population based solely on sex manipulation 
hypotheses, as this study has done, is potentially an inaccurate approach because there 
are aspects not considered within the current ten sex manipulation hypotheses possibly 
influencing what the most adaptive SR is for a population at the primary, secondary, and 
tertiary levels. Therefore, another possible reason why this study’s expected SR for 
Little Penguin populations on Penguin Island and Garden Island didn’t match the 
observed was because aspects beyond those mentioned within sex manipulation 
hypotheses (e.g. SR constraints, a lagged process, or cryptic benefits) were additionally 
influencing the population SR. As a result, it is recommended that future studies explore 
these lesser-known aspects and if appropriate convert them into sex manipulation 
hypotheses, such that they can be found under Sex Allocation Theory. In addition, 
distortion of SR results can also occur via human-induced errors (Hardy, 2002). 
Therefore, it is recommended that SR studies continue to limit any forms of human-
induced error, and make clear acknowledgement of human-induced errors when unable 
to evade them. Doing so would likely aid in applying broad patterns in primary SR 
adjustment to birds and mammals (West et al., 2002). 
 
5.4.4 This Study’s Success  
The study’s novel approach to SR research was to explicitly observe a species that was 
predicted to exhibit few sex manipulation hypotheses. Doing so resulted in clearer 
conclusions because it reduced the study’s complexity and evaded the need for 
mathematical models to determine what magnitude each sex manipulation hypothesis 
contributed to the population SR. While the study’s predicted Little Penguin population 
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SR did not match the exhibited population SR on Penguin Island and Garden Island, the 
study’s simple design meant it was easy to explain why not.  
 
The first explanation was that the predicted Little Penguin population SR was based on 
inaccurate species knowledge. As indicated in the growth rate data, the study’s 
assumption of ‘equal net costs associated with raising either offspring sex’ for Little 
Penguins appeared false (Table 8 and Figure 7), and hence, the study should have 
predicted Penguin Island and Garden Island as female biased under Fisher’s Hypotheses 
(Voordouw, 2005; Hamilton, 1967). Secondly, the study’s use of a small sample size 
likely compromised the validity of chick growth rate and SR results obtained for 
Penguin Island and Garden Island. A larger sample size could have delivered an 
alternative Little Penguin chick growth rate result for differences between Islands, 
years, and gender. Whereas for SR, a larger sample size could have determined Little 
Penguin populations on Penguin Island and Garden Island as statistically different or not 
statistically different from parity; female biased by statistical significance seemed more 
likely (Table 3). Lastly, it was possible that aspects beyond those covered in sex 
manipulation hypotheses (such as SR constraints, a lagged process, or cryptic benefits) 
influenced what the most adaptive SR is for Little Penguin populations on Penguin 
Island and Garden Island. The study could not conclude SR constraints (West et al., 
2002), a lagged process (West et al., 2002), or cryptic benefits (Khwaja et al., 2018) 




Given the study has three clear reasons explaining why the predicted Little Penguin 
population SR does not match what is exhibited on Penguin Island and Garden Island, 
and it made clear acknowledgement of these three reasons, the study’s novel approach 
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